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Abstract 


This  report  describes  the  results  of  a  study  to  evaluate 
the  characteristics  of  existing  point  light  source  projection  system 
components  and  to  develop  new  components  with  improved  attributes. 

The  components  studied  are  the  basic  ones  involved,  namely,  the 
point  source  of  light,  the  display-object  and  the  screen.  Variations 
in  system  parameters  were  studied  intensively  to  determine  their 
inter-relationships  and  their  effects  on  the  qualities  of  the  visual 
displays  obtained.  Values  of  system  parameters  which  achieve  optimum 
visual  display  qualities  were  then  related  to  the  basic  components  of  the 
system  to  establish  desirable  attributes  of  these  components. 

This  investigation  has  advanced  the  state  of  the  art  signif¬ 
icantly.  The  study  developed  that  desirable  characteristics  of  a  point 
light  source  are  a  minimum  diameter  with  adequate  intensity,  a  wide 
horizontal  angle  light  output  and  a  minimum  envelope  enclosing  the 
source.  A  point  source  of  light  has  been  developed  with  a  diameter 
of  .0035  inches,  an  intensity  of  18  candles,  a  coverage  angle  in  excess 
of  220°  and  an  envelope  .072  inches  from  the  source.  This  is  very 
close  to  the  theoretical  optimum  for  available  lamps.  The  display -object, 
which  may  be  transparent  or  reflective,  must  be  made  from  a  strong, 
durable  material  with  a  high  degree  of  optical  clarity  and  must  be  decor¬ 
ated  to  provide  realistic  content  together  with  sharpness  of  detail.  The 
best  available  display -object  materials  have  been  determined  and  display- 
object  decoration  techniques  have  been  advanced  to  permit  employment  of 
scale  ratios  in  excess  of  2000:1  with  satisfactory  realism.  However, 
great  potential  for  improvement  in  point  source  visual  displays  lies  in 
the  area  of  display-object  decoration.  Reflectivity  and  shape  are  the 
Important  screen  factors.  A  survey  of  available  screen  materials 
revealed  that  although  lenticular  screens  offer  the  greatest  reflectivity, 
glass  beaded  screens  are  most  practicable  when  complex  curved  screens 
are  employed.  A  screen  shape  which  combines  a  cylindrical  surface 
above  the  observer's  eye  level  with  a  segment  of  a  torus  shaped  surface 
below  eye  level  was  found  to  minimize  the  rate  of  change  of  position 
distortion  (velocity  distortion). 
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FOREWORD 

This  report  (NAVTRADEVCEN  1628-1)  is  the  first  In  a  series  designed 
to  indicate  the  usefulness  of  the  point-light  source  in  presenting 
the  visual  displays  required  for  various  training  devices.  This 
report  presents  the  current  state  of  the  art  of  point  light  source 
projection  techniques  and  indicates  areas  where  further  development 
would  contribute  most  to  the  usefulness  of  this  technique  in  train¬ 
ing  devices.  This  report  describes  the  major  components  of  the 
point  light  source  projection  system  and  discusses  the  parameters 
involved  in  selecting  these  components.  Technical  considerations 
in  the  design  of  devices  using  point  light  source  techniques  are 
discussed.  Derivation  of  important  relationships  as  well  as  other 
useful  technical  information  are  furnished  in  appendices. 


The  series  of  reports  consists  of! 


U) 

NAVTRADEVCEN  1628-1 

Study  of  Point  Light  Source  Projection 
System  Components 

(2) 

NAVTRADEVCEN  1628-2 

Utilization  of  Point  Light  Source  Tech¬ 
niques  in  a  "Break-out"  Lending  Attach¬ 
ment  to  a  Twin-Engine  Instrument  Trainer 

(3) 

NAVTRADEVCBN  1628-3 

The  Application  of  Point  Source  Projec¬ 
tion  Techniques  to  Helioopter  Low 
Altitude  Navigation  Training 

(4) 

NAVTRADEVCEN  1628-4 

The  Application  of  Point  Source  Projec¬ 
tion  Techniques  to  Low  Altitude  High 
8peed  Navigation  Training 

(5) 

NAVTRADEVCEN  1628-5 

Methods  of  Presenting  Moving  Objects  in 
Point-Light  Source  Visual  Displays 

(6) 

NAVTRADEVCEN  1628-6 

The  Application  of  Point  Source  Projec¬ 
tion  Techniques  to  Air- to- Air  Gunnery 
Training 

(7) 

NAVTRADEVCEN  1628-7 

The  Application  of  Point  Source  Projec¬ 
tion  Techniques  to  Alr-to-Surface  Attack 
Training 

(8) 

NAVTRADEVCEN  1628-8 

The  Application  of  Point  Source  Projec¬ 
tion  Techniques  to  Air- to-Sur face  Obser¬ 
vation  Training 

Hi 
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(9)  NAVTRADnVCEN  1628-9  The  Application  of  Point  Source  Projec¬ 

tion  Techniques  to  Surface  Vessel  Opera¬ 
tion  Training 

(10)  NAVTRADEVCEN  1628-10  The  Application  of  Point  Source  Projec¬ 

tion  Techniques  to  Ground  Operation 
Training 

(11)  NAVTRADEVCEN  1628-11  Evaluation  of  Experimental  Light  Sources 

and  Transparencies  for  the  Helicopter 
Hovering  Flight  Simulation  Device  2-FH-2 

Each  of  the  reports,  NAVTRADEVCEN  1628-2  through  1628-10,  discusses 
the  applicability  of  the  point  light  source  system  to  a  specific 
training  problem.  Insofar  as  the  point  light  technique  is  applicable 
to  that  problem,  a  typical  design  for  a  suitable  trainer  is  presented 
and  evaluated.  The  last  report  of  the  series  (NAVTRADEVCEN  1628-11) 
compares  two  light  sources  and  two  transparencies  as  used  on  a 
specific  training  device.  Ti.e  relative  merits  of  these  components 
are  discussed  and  the  importance  of  various  parameters  to  this  train¬ 
ing  task  are  evaluated. 

Research,  experimental  work  and  preparation  of  the  reports  were 
carried  out  by  Edwin  K.  Smith,  Frank  J.  Anastasio,  Sigmund  Haras, 
Berdj  C.  Kalustyan,  Roy  B.  Snyder  and  C.  Philip  Strakosch  for  the 
deFlorea  Company. 


U.  S.  Naval  Training  Device  Center 
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List  of  Symbols  and  Mathematical  Sign  Conventions 


List  of  Symbols 


A 

A' 

A" 

AR 

B 


B' 


D 


D' 


D" 


Di 


D2 


Altitude  to  be  simulated,  in  feet. 

Minimum  altitude  to  be  simulated,  in  feet. 

Maximum  altitude  to  be  simulated,  in  feet. 

Range  of  altitude  to  be  simulated,  (A"  -  A'),  in  feet. 

Luminance  of  the  object  of  a  lens,  in  candles 
per  square  inch. 

Luminance  of  the  image  formed  by  a  lens  when 
the  luminance  of  the  object  is  B,  in  candles  per 
square  inch. 

Display-image  width  produced  by  display-object 
line  width  J  when  projected  on  screen  at  distance 
b  by  extended  source  S  at  distance  a,  in  inches. 

Display-image  width  produced  by  display-object 
line  width  J  when  projected  on  screen  at  distance 
b  by  geometric  point  source  S'  at  distance  a,  in 
Inches. 

Display-image  width  produced  by  display-object 
line  width  J  when  projected  on  screen  at  distance 
b  by  extended  source  3}  at  distance  a,  in  inches. 

Display-image  width  produced  by  display-object 
line  width  J  when  projected  on  screen  at  distance 
b  by  extended  source  S  at  distance  ap  in  inches. 

Display-image  width  produced  by  display-object 
line  width  J  when  projected  on  screen  at  distance 
b  by  geometric  point  source  S'  at  distance  a',  in 
inches. 

Display-image  width  produced  by  display-object 
line  width  J'  when  projected  on  screen  at  distance 
b  by  extended  source  3  at  distance  a,  in  inches. 


NAVTRADEVCKN  102U-1 


D'  -  Display-Image  width  produced  by  display-object 
line  width  J  when  projected  on  screen  at  distance 
b  by  geometric  point  source  8'  at  distance  a", 
in  inches . 

D3  -  Display-image  width  produced  by  display-object 

line  width  J”  when  projected  on  screen  at  distance 
b  by  extended  source  S  at  distance  a,  in  inches. 

F  -  Luminous  flux  incident  on  a  lens,  in  lumens. 

F'  -  Luminous  flux  transmitted  by  a  lens,  in  lumens. 

G  -  Width  of  penumbra  on  either  side  of  umbra  U, 

(1/2  (D  -  U)),  in  inches. 

G^  -  Width  of  penumbra  on  either  side  of  umbra  Uj_,  in 
inches. 

G"  -  Width  of  penumbra  on  either  side  of  umbra  U",  in 
inches. 

I  -  Luminous  intensity  on  object  side  of  lens  or  lens 

system,  in  candles  (lumens  per  steradian). 

1*  -  Luminous  intensity  on  image  side  of  lens  or  lens 

system,  in  candles  (lumens  per  steradian). 

J  -  Width  of  a  line  on  the  display-object,  In  Inches. 

J'  -  Width  of  any  line  on  the  display-object  less  than 

J,  in  Inches. 

J"  -  Width  of  any  line  on  the  display -object  wider  than 
J,  in  Inches. 

M  -  Theoretical  magnification  of  point  source  display- 
object,  (D'/J),  Inches  per  inch. 

M'  -  Theoretical  magnification  of  point  source  display- 
object,  at  minimum  point  source  to  display-object 
distance  a',  (D^/J),  in  inches  per  inch. 

M*  -  Theoretical  magnification  of  point  source  display- 
object  at  maximum  point  source  to  display-object 
distance  a",  (D'/J),  in  inches  per  incn. 
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P 


P' 


P" 


R 


Scale  ratio,  (A /a),  in  feet  per  foot. 

Ratio  of  extended  source  diameter  S  to  display- 
object  line  width  J,  (S/J),  in  Inches  per  inch. 

Enlargement  of  the  display-image  occasioned  by 
use  of  extended  source  S  rather  than  a  geometric 
point  source  S',  (D/D1),  in  inches  per  inch. 

Ratio  of  the  width  of  umbra  to  the  total  display- 
image  width  projected  by  extended  source  S, 
(tJ/D),  in  inches  per  inch. 

Radius  of  any  refracting  sphorical  surface,  in 
inches. 


Ri 

R2 

S 

S' 

St 

u 

U1 

U" 

U2 

U3 

X,  Y,Z 


Radius  of  the  first  surface  of  a  lens,  in  Inches. 

Radius  of  the  second  surface  of  a  lens,  in  inches. 

Extended  "point  source"  diameter,  in  inches. 

Geometric  point  source  of  light  (diameter  of  S'  is  O). 

Any  extended  "point  source"  diameter  greater  than 
S,  in  inches. 

Width  of  umbra  of  display-image  D,  in  inches. 

Width  of  umbra  of  display-image  D^,  in  inches. 

Width  of  umbra  of  display-image  D",  in  inches. 

Width  of  umbra  of  display-image  D£,  in  inches. 

Width  of  umbr*  of  display-image  Dg,  in  inches. 

Arbitrary  variables,  introduced  for  mathematical 
convenience  and  defined  to  suit  particular  require¬ 
ments  in  each  instance. 
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Distance  from  point  source  to  display-object,  in  feet. 

Minimum  distance  from  point  source  to  display-object, 
in  feet. 

Maximum  distance  from  point  source  to  display-object, 
in  feet. 

Range  of  distances  from  point  source  to  display-object 
(a"  -  a1),  in  foot. 

Any  distance  from  point  source  to  display-object 
greater  than  a,  in  feet. 

Distance  from  display-object  to  display-image,  in  feet. 

Distance  from  point  source  to  screen,  in  feet. 

Horizontal  displacement  of  eye  from  point  source, 
in  feet. 

Angle  of  Incidence  of  light  on  a  reflecting  or  refracting 
surface,  in  degrees. 

The  angle  at  which  a  ray  at  slope  angle  Q,  is  incident 
on  the  first  surface  of  a  lens,  in  degrees. 

The  angle  at  which  a  ray  refracted  by  the  first  surface 
of  a  lens  at  angle  q,  is  incident  on  the  second  surface, 
in  degrees. 

Lateral  magnification  by  refractive  surfaces,  in  inches 
per  inch. 

Lateral  magnification  due  to  the  first  surface  of  a  lens, 
in  inches  per  inch. 

Lateral  magnification  due  to  the  second  surface  of  a  lens, 
in  inches  per  inch. 

Total  lateral  magnification  of  a  lens,  (m.m.  ),  in  inches 
per  inch.  1  * 
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n 

n* 

nl 

n2 

r 


r2 


s 


3  * 


S1 


S 


I 

1 


s2 


-  Index  of  refraction  of  any  medium . 

-  Index  of  refraction  of  any  other  medium. 

-  Index  of  refraction  of  air  (n^  -  1)  . 

-  Index  of  refraction  of  glass. 

-  Angle  of  refraction  of  light  emerging  from  a 
refractive  surface,  In  degrees. 

-  The  angle  at  which  a  ray  incident  on  the  first 
surface  of  a  lens  at  angle  i]_  Is  refracted  by  that 
surface,  in  degrees. 

-  The  angle  at  which  a  ray  incident  on  the  second 
surface  of  a  lens  at  angle  i2  is  refracted  by  that 
surface,  in  degrees. 

-  The  distance  measured  along  thj  optical  axis  from 
the  object  of  a  refracting  surface  to  that  surface,  in 
inches. 

-  The  distance  measured  along  the  optical  axis  from 
a  refracting  surface  to  the  image  formed  by  that 
surface,  in  Inches. 

-  The  object  distance  of  a  lens;  the  distance  measured 
along  the  optical  axis  from  the  object  of  the  first 
surface  to  the  tirst  surface,  In  inches. 

-  The  distance  measured  along  the  optical  axis  from  the 
first  surface  to  the  image  formed  by  that  surface  when 
the  object  is  at  distance  sj,  in  inches. 

-  The  distance  from  the  object  of  the  second  surface 
(this  is  the  Image  of  the  first  surface)  to  the  second 
surface,  in  inches. 

-  The  image  distance  of  a  lens;  the  distance  measured 
along  the  optical  axis  from  the  second  surface  to  the 
image  formed  by  that  surface  when  the  object  is  at 
distance  Sg,  in  Inches. 
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Thickness  o£  a  ions  at  the  optical  axis,  in  inches. 

Vertical  displacement  of  eye  from  point  source, 
in  feet. 

Extended  source  angle,  in  degrees. 

The  angle  with  its  vertex  at  the  oye  of  the  observer 
subtended  by  the  edges  of  a  detail  on  the  display -imagt 
in  degrees. 

Diffraction  angle,  in  degrees. 

Viewing  angle,  in  degrees. 

The  viewing  angle  toward  the  top  of  a  detail  on  the 
display-image,  in  degrees. 

The  viewing  angle  toward  the  bottom  of  a  detail  on 
the  display-image  when  <5,  is  the  viewing  angle  to  the 
top  of  that  detail,  in  degrees. 

The  angle  at  the  eye  subtended  by  the  line  of  sight 
at  viewing  angle  67  and  the  line  of  sight  at  viewing 
angle  6t,  (  6X-  <5t  ),  in  degrees. 

Projection  angle,  in  degrees. 

The  projection  angle  toward  the  top  of  the  detail  on 
the  display-image  which  is  viewed  at  angle  6X 
in  degrees. 

The  projection  angle  toward  the  bottom  of  the  detail 
on  the  dispjay-image  which  is  viewed  at  angle  bt 
in  degrees . 

Thu  angle  at  the  point  source  subtended  by  the  line  of 
projection  at  projection  angle  5*  and  the  line  of  projection 
at  projection  angle  *  ( ■$*  -  )>  111  degrees. 

Position  distortion,  -  <5  )>  In  degrees. 
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Position  distortion,  (\i-  6< ),  in  degrees. 

Position  distortion,  (5a ),  in  degrees , 

Siae  distortion,  (a '5-  a  d  ),  in  degrees. 

Slope  angle  of  any  ray  on  the  object  side  of  a  lens,  in 
degrees. 

The  slope  angle  of  any  ray  incident  on  the  first  surface 
of  a  lens,  in  degrees. 

The  slope  angle  of  a  ray  incident  on  the  second  surface 
of  a  lens  when  the  ray  is  incident  at  angle  0(  on  the  first 
surface,  in  degrees. 

The  slope  angle  after  refraction  by  a  lens  system  of  the 
ray  which  has  slope  angle  0  before  refraction,  In  degrees. 

The  slope  angle  after  refraction  by  the  first  surface  of 
a  lens  of  the  ray  which  has  slope  angle  0,  before  re¬ 
fraction,  In  degrees. 

Tho  slope  angle  after  refraction  by  the  second  surface 
of  a  ions  of  the  ray  which  has  slope  angle  0a  before 
refraction,  In  degrees. 

The  wavelength  of  light. 

The  entrance  half  angle.  This  is  the  limiting  value 
of  0  for  a  specified  aperture,  in  degrees. 

The  exit  half  angle  when  the  entrance  half  angle  is  <f>  , 

In  degrees 

The  entrance  solid  angle  when  the  entrance  plane  angle 
la  l ?0,  in  ste  Jlan3. 

The  exit  solid  angle  when  the  exit  plane  angle  is 20’, 
in  steradlans. 

Total  longitudinal  magnification  of  a  lens,  (  -  (m^)2  ), 

In  inches  per  inch. 
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Sign  Conventions  in  the  Point  Source  System 

1.  Vertical  displacement  of  the  eye  from  the  point  source  - 
positive  when  the  point  source  la  above  tho  level  o£  the 
eye  and  negatlvo  when  tho  point  source  la  below  the  level 
of  the  eye. 

2.  Horizontal  displacement  of  t  )cyo  from  the  point  source  - 
positive  when  the  point  source  la  behind  tho  observer  and 
negative  when  the  point  source  la  In  front  of  tho  observer 
as  the  observer  faces  tho  screen. 

3.  Projection  angle  -  positive  when  the  line  of  projection  is 
downward  from  the  point  source  and  negatlvo  when  tho  line 
of  projection  is  upward  from  the  point  source. 

4.  Viewing  angle  -  positive  when  the  line  of  sight  in  downward 
from  the  observer's  eye  and  negative  when  the  line  of  sight 
is  upward  from  the  observer's  eye. 

5.  Position  distortion  -  positive  when  the  projection  angle  is 
algebraically  greater  than  tho  viewing  angle.  Since  the 
other  distortions  are  derived  from  position  distortion,  their 
sign  conventions  are  similarly  derived. 


Sign  Conventions  In  Optica 

1.  All  figures  are  drawn  with  the  light  incident  on  the  reflecting 
or  refracting  surface  from  the  left. 

2.  Tho  object  distance  is  positive  when  the  object  Is  at  the  left 
of  the  vortex  of  the  surface  In  question,  (the  vertex  of  a  re¬ 
fracting  surface  is  the  point  where  the  surface  crosses  tho 
optical  axis). 

3.  The  lmac  stance  Is  positive  when  the  image  is  at  the  right 
of  tho  ve,  •  of  the  surface  in  question. 

4.  The  radius  of  curvature  is  positive  when  the  center  of  curva¬ 
ture  lies  at  the  right  of  the  vertex  of  the  surface  in  question. 

f>.  Tho  slope  angles  are  positive  when  tho  axis  must  be  rotated 

counter  clockwise  through  less  than  TT/2  to  bring  It  into  co- 
Inc  idonce  with  the  ray. 
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The  angles  of  incidence  and  refraction  are  positive  when 
the  radiU3  of  curvature  must  be  rotated  counter-clockwise 
through  less  than  Yf/2  to  bring  it  into  coincidence  with  the 
ray. 

Distances  perpendicular  to  the  optical  axis  are  positive 
when  measured  upward  from  the  axis. 

Positive  lateral  magnification  indicates  that  the  image  is 
erect  while  negative  lateral  magnification  indicates  that 
the  image  is  inverted. 
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CHAPTER  1 


Introduction  to  the  Point  Light  Source  Projection 
System  and  Its  Components 


1. 1  Introduction 

1. 1. 1  This  report  describes  the  results  of  a  study  of  the  com¬ 
ponents  of  the  point  light  source  projection  system  made  by  The  de 
Florez  Company,  Inc. ,  under  contract  Nonr  1628(00),  for  the  U.  S. 

Naval  Training  Device  Center.  In  order  to  broaden  the  ra..ge  of 
applicability  of  the  point  source  system  as  a  solution  to  training 
problems  requiring  visual  displays,  a  thorough  study  of  existing 
components  and  Investigation  and  development  of  promising  new 
components  was  undertaken  to  increase  the  versatility  of  the  system. 

The  components  studied  are  the  basic  ones  Involved:  the  point  source 
of  light,  the  display-object  and  the  screen. 

1. 1.2  When  the  study  began,  the  size  and  brightness  character¬ 
istics  of  the  point  light  pource  represented  a  major  limitation  to  the 
system.  As  a  result  of  this  study,  the  qualities  of  the  point  light 
source  have  been  advanced  so  extensively,  that  subject  matter  detail 
and  manufacture  of  the  display -object  have  become  major  limitations 
to  the  system. 

1.2  The  Point  Source  Projection  System 

The  point  source  projection  system  produces  a  continual, 
moving,  wide  angle  visual  display  (frontispiece,  figures  1-1,  1-2)  to 
an  observer  who  is  actually  stationary  in  space.  This  display  is  pre¬ 
sented  wi'h  appropriate  perspective,  size  ana  position  relative  to  the 
observer,  thus  simulating  the  visual  world  as  viewed  from  any  desired 
position  and  viewing  angle  in  space.  By  appropriate  movement  of  the 
display,  the  viewing  position  and  angle  are  changed  simulating  a  corres¬ 
ponding  movement  of  the  observer  in  space.  This  change  in  viewing 
position  and  viewing  angle  is  smooth  and  continuous  just  as  it  is  for  an 
observer  actually  moving  in  the  real  world.  In  addition,  as  the  observer 
actually  turns  his  head  from  side  to  side  or  up  and  down,  the  wide  cov¬ 
erage  of  the  visual  display  will  present  a  continuous  world  to  either 
side  as  well  as  above  and  below  him. 


1.2.2  The  simulated  movement  of  the  observer  on  and  above  the 
world  of  the  display  is  completely  non-programmed  in  direction  and 
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figure  1-2  View  of  a  Projection  System  (Device  2-FH-5  -  Visual  Mock-Up  Projection 

Display-Image  Distorted  due  to  Camera  Position) 
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iu  basically  limited  In  extent  only  by  the  "ends  of  the  display  world." 

Thus  by  appropriately  attaching  tho  projection  system  controls  to  con 
trol  devices  simulating  those  on  a  vehicle,  aircraft  or  ship,  the  obser¬ 
ver  by  manipulation  of  these  controls  will  have  tho  visual  sensation  of 
operating  actual  controls  of  the  vehicle,  aircraft  or  ship.  The  world  of 
the  visual  display  will  react  to  each  control  manipulation  by  the  obser¬ 
ver  in  the  same  fashion  as  the  actual  visual  world  would  react  to  the 
corresponding  control  manipulation  by  a  vehicle  operator.  The  point 
source  projection  system  then  presents  a  means  for  the  training,  prac¬ 
tice  and  testing  of  control  manipulative  skills  wherever  a  visual  display 
is  mandatory  or  desirable  in  the  development  of  such  skills.  Of  course 
where  visual  cues  together  with  other  sensory  cues  are  necessary,  the 
point  source  projection  system  can  be  combined  with  other  sensation 
presenting  devices  to  provide  a  full  range  of  cues  to  the  senses. 

1.  3  Basic  Components 

1.3. 1  The  point  source  projection  system  utilises  a  very  small  in¬ 
tense  light  source  to  project  a  display -object  onto  a  screen  with  appro¬ 
priate  drives  and  controls  to  move  the  light  source  and  display-object 
relative  to  one  another  and  with  an  appropriate  supporting  structure. 

The  supporting  structure  and  the  drives  and  controls  present  general 
engineering  problems  and  are  not  unique  to  the  point  source  system. 

They  have  therefore  been  included  in  this  study  only  to  the  extent  of 
highlighting  special  requirements  and  limitations  imposed  on  them  by 
the  point  source  system.  The  study  has  been  directed  rather  to  the 
three  basic  components  of  the  system:  the  point  source  of  light,  the 
display-object  and  the  screen  and  to  the  inter-relationships  of  these 
components  as  they  affect  the  net  end  product  of  the  system,  the  visual 
display-image  as  seen  by  the  observer. 

1.3.2  The  effects  of  each  system  variable  on  display-image  quality 
are  reviewed  In  Chapter  2.  These  variables  include  source  size  and 
Intensity;  the  display-object  line  width;  the  transparency  (or  reflectivity) 
and  shape  of  the  display-object;  screen  shape  and  reflectivity;  the  prop¬ 
erties  of  light  and  the  position  variables:  source  to  display-object  distance, 
display-object  to  screen  distance  and  the  position  of  the  observer  relative 
to  the  projector  components. 

1.3.3  Each  of  the  next  three  chapters,  Chapters  3,  4,  and  5,  is  de¬ 
voted  io  one  of  the  basic  components.  Characteristics  of  components 
available  at  the  beginning  of  the  study  are  evaluated  in  relation  to 
system  requirements.  Now  or  improved  components  developed  in  tho 
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coursu  of  the  study  are  evaluated  in  relation  to  requirements  and 
expected  improvements. 

1.4  History 

1.4. 1  During  World  War  H  the  point  source  was  applied  as  a  solu¬ 
tion  to  few  problems.  In  particular,  it  was  used  to  produce  shadow¬ 
graph  projections  of  solid  objects,  especially  of  aircraft  models  in  teaching 
aircraft  recognition. 

1.4.2  It  wasn't  until  much  later  that  point  source  projection  was 
more  fully  exploited  to  the  extent  that  elaborate  display-objects  were 
substituted  for  simple  objects.  A  few  of  the  more  important  recent 
events  in  the  application  of  point  source  follow: 

May  1952  -  A  contract  was  awarded  to  Bell  Airciaft  by  Hie  U.  S. 

Navy  Special  Devices  Center  to  produce  a  Helicopter 
Hovering  Trainer  for  the  HTL-1  helicopter.  Bell  as¬ 
signed  the  de  Florez  Company  a  subcontract  to  do 
most  of  the  engineering  development  on  this  program. 

f *  August  1952  -  The  feasibility  of  Point  Source  Projection,  as  it  is 

*•  currently  used,  was  demonstrated  by  the  de  Florez  Co. 

February  1953  -  de  Florez  demonstrated  a  complete  mock  up 

including  screen,  3'  square  transparency  with  3-D 
objects,  and  manually  operated  projector  wltft  six 
degrees  of  freedom. 

May  1955  -  Device  2-FH-2,  the  first  Helicopter  Hovering  Trainer 
with  a  visual  attachment  was  "flown"  at  Bell  Aircraft, 
Buffalo,  N.  Y. ,  for  the  first  time. 

April  1955  -  Device  2-FH-4  Prime  Contract  was  awarded  to  de 
Florez  by  Special  Devices  Center  to  develop  basxC 
components  furthur  and  investigate  possible  applica¬ 
tions  to  specific  training  problems.  Under  this 
program  the  following  items  were  accomplished: 

-  First  Hafnium  lamp  made  having  four  times  the 
brightness  of  existing  Zirconium  lamp  with  a  given 
source  diameter. 


-  5  - 


NAVTRADEVCEN  1028-  1 


-  First  light  source  made  utilizing  meniscus  lens  to 
directly  reduce  an  Os  ram  lamp  source  diameter. 

-  Application  of  point  source  system  to  training  in 
ground  controlled  approach  (GCA)  landings  demon¬ 
strated. 

-  Application  to  training  in  air-to-air  gunnery  demon¬ 
strated. 

-  Investigation  of  all  available  components. 

August  1956  -  Device  2-FH-5  Prime  contract  was  awarded  to 
Melpar  to  develop  first  complete  Helicopter  Simulator 
with  visual  attachment.  Melpar  awarded  subcontract 
to  de  Florez  to  develop  and  produce  basic  components: 
light  source,  transparency,  and  screen. 

-  Model  1  point  source  completed  utilizing  optical  system 
for  reduction  of  real  source  diameter. 

-  First  photographic  flexible  transparency  completed. 

December  1957  -  Mock  up  of  2-FH-5  program  was  completed 
utilizing  flexible  transparency. 

1.5  Advantages  of  the  Point  Source  Projection  Technique 

1,5.1  The  point  source  projection  technique  can  be  used  to  advantage 
in  training  problems  requiring  visual  displays  because  of  its 
desirable  features: 

(a.)  Presentation  of  the  visual  display  is  non-pro- 
g rammed.  The  trainee  is  free  to  maneuver  at 
will  within  the  range  of  the  trainer. 

(b.)  The  visual  display  covers  a  very  wide  angle,  well 
above  the  peripheral  vision  of  the  human  eye.  "Off- 
the-shelf"  projection  lamps  provide  displays  up  to 
160  degrees  in  azimuth  while  more  sophisticated  point 
source  projectors  can  provide  displays  up  to  200  de¬ 
grees  in  azimuth.  Full  360  degree  displays  are 
possible. 
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(c.)  The  visual  display  is  sufficiently  correct  in  per¬ 
spective  to  be  convincing,  regardless  of  the  rela¬ 
tive  viewing  position  of  the  observer, 

(d. )  The  display  can  be  presented  in  color  which  adds 
to  realism  and  provides  secondary  cues  to  object 
identification. 

(e.)The  components  utilized  in  the  point  source  tech¬ 
nique  are  inexpensive  particularly  when  compared 
with  other  visual  display  techniques. 

(f . )  When  necessary,  three  dimensional  objects  can  be 
presented  in  the  display  in  proper  perspective  con¬ 
tributing  greatly  to  the  realism  of  the  illusion. 

1. 6  Limitations  of  the  Point  Source  Projection  Technique 

1.6.1  The  point  source  projection  system  is  subject  to  some  limi¬ 
tations:' 

(a. )  The  maximum  distance  visible  in  any  direction  is 
limited  due  to  the  total  reflection  of  light  which  oc¬ 
curs  when  rays  are  Incident  at  acute  angles  on  a 
transparent  medium  denser  than  air.  With  flat  trans¬ 
parent  display -objects  of  commonly  available  mat¬ 
erials  the  observer^  simulated  visibility  is  limited 
to  a  distance  equal  to  approximately  ten  times  his 
simulated  viewing  altitude. 

(b. )  Clarity  of  the  display-image  varies  inversely  with 
simulated  altitude.  This  means  that  as  the  obser¬ 
ver  approaches  the  ground,  the  display-image  defin¬ 
ition  deteriorates,  a  reversal  of  conditions  exper¬ 
ienced  in  real  life. 

(c.)  Perspective  is  distorted  moderately  because  of  the 
displacement  between  the  observer's  eye  and  the 
projection  source.  Distortion  of  position,  and  its 
derivatives,  size,  velocity  and  acceleration  result. 

(d.)  Because  of  limitations  on  scale  resulting  from  dif¬ 
fraction  effects  and  extended  source  effects,  large 
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display-objects  are  required  to  present  extensive 
training  areas.  Large  display -objects  are  difficult 
to  produce  and  require  elaborate  structures  and 
mechanisms  for  handling. 


CHAPTER  2 


The  Prlnclploa  of  Point  Light  Source  Projection  Techniques 


2.  1  Tho  Point  Source  Projection  Principle 

2.  L  1  The  principle  underlying  the  point  source  projection  system 
is  analogous  to  one  of  the  principles  by  which  the  eye  sees.  The  eye 
utilises  the  angle  subtended  by  a  detail  to  judge  its  size,  distance  and 
orientation,  comparing  this  angle  with  angles  subtended  by  details  of 
known  size,  distance  and  orientation  which  are  adjacent  in  the  field  of 
view.  Thus,  in  Figure  2-1,  the  eye  cannot  distinguish  details  al,a2,  a3, 
and  a4  from  one  another  if  viewed  in  space  without  familiar  details  for 
comparison.  Under  the  same  circumstances  it  can  readily  distinguish 
details  bl,  b2,  b3,  and  b4  from  one  another  though  It  cannot  determine 
the  factor  involved  (distance,  size,  orientatior)  without  binocular  con¬ 
vergence,  a  property  of  the  two  eyes  used  together.  Therefore,  if  the 
display-image  produces  the  proper  angles  subtended  at  the  eye  of  the 
observer  so  that  relative  size,  orientation,  and  distance  of  details  in 
the  field  cf  vision  are  in  the  regularly  seen  relation  to  one  another, 
the  display-image  will  be  registered  by  the  eye  as  identical  to  the  same 
sot  of  details  in  the  real  world. 

2-  2  Figure  2-2  shows  that,  if  the  angle  subtended  at  the  point 

source  by  the  display-ohj  ct  is  varied  by  adjusting  orientation,  distance 
and  size  of  the  display-object  relative  to  the  point  source,  the  display- 
image  change  is  analogous  to  the  changes  in  Figure  2- lb,  provided  that 
the  eye  is  held  at  the  same  point  as  the  point  source  or  at  the  corres¬ 
ponding  position  on  the  opposite  side  of  the  screen.  It  can  be  said  that 
if  the  eye  is  concurrent  with  the  real  image  of  the  point  source  (same 
side  of  screen)  or  with  the  virtual  image  of  the  point  source  (opposite 
side  of  screen)  relative  to  the  screen  as  an  Imago-forming  surface,  the 
observer  will  have  the  same  point  of  view  to  the  display-image  as  the 
point  source  has  to  the  display-object  and  the  dlsplay-lmago  will  be 
true  to  the  display-object  in  relative  size  of  details,  In  distance  between 
details  and  in  perspective. 

2. 2  Arrangement  of  Components 

2J-LI  For  distortion  free  projection,  the  point  source  components 
must  be  arranged  as  shown  In  Figures  2-3a  and  2-3b.  It  is  obvious 
from  Figure  2-3a  that  the  eye  cannot  be  placed  concurrent  with  the 
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a.  Objects  Which  Subtend 
Equal  Angles  at  Eye 


b.  Objects  Which  Subtend 
Different  Angles  at  Eye 


a2.  Orientation 
same  as  al. 


b2.  Orientation  differs 
from  bl. 


a3.  Distance  same  as  al. 


b3.  Distance  differs 
from  bl. 


Object 


a4.  81m 


b4.  81m  differs  from  bl. 


Figure  2-1  Schematic  Shoving  Effects  of  81m,  Distance  and 
Orientation  of  Objects  In  fetes  on  the  Angle  Sub¬ 
tended  at  the  Eye  of  an  Observer. 
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Display  Objects  Which  Subtend  Different 
Angles  at  the  Point  Source 


Point 

Source 


a.  Reference 


Point 

Source 


differs  from  "a". 


Point 

Source 


Point 

Source 


Figure  2*2  Schematic  Aowinc  effects  ef  Display  Object  Slae, 
Orientation  and  Distance  Relative  to  a  Point  Source 
on  Display  Image  and  on  Angle  Subtended  at  the 
Point  Source. 
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Screen 


Concurrent 

Point  Source  \ 
and  Eye 

Transparent  x  v 
Display  Object 


-Alternate 
Position  of  Eye 
„  at  Virtual  Image 
r'ot  Point  Source  Relative 
to  Screen 


a.  Projection  of  Transparent  Display  Object 
Real  Point  Source  —  Screen 


'ss'  .  _ 

'"'t,  **’"*■*•■ 

Concurrent 
Virtual  Point 
Source  Relative 
to  Display  Object 
and  Eye 

Reflective 
Display  Object 


Alternate 


✓  Position  of  Eye 
'  at  Virtual  Image 
of  Point  Source  Relative 
to  Screen 


b.  Projection  of  Reflective  Display  Object 

Curved  Screen  for  Wide  Angle 


Distortion  due  to  Differences 
Between  Projection  Angle  and 
Viewing  Angle - v 


Coverage 


s  Eye  Point 

|  Source 

e.  Rear  Screen  Projection  ou  Curved  Screen 


Figure  2-3  Schematics  ef  Component  Arrangements  of  Point  Source 
Projection  Systems. 
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D  point  source,  first,  because  both  cannot  occupy  the  same  space  and, 

second,  because  the  eye  would  then  see  the  display -object  and  not  the 
display -image.  In  figure  2 -3b  the  eye  cannot  be  placed  concurrent 
with  the  virtual  image  of  the  point  source  relative  to  the  display - 
object  because  the  reflective  type  display-object  would  conceal  the 
screen.  Location  of  the  eye  at  the  alternate  position,  the  virtual  image 
point  of  the  point  source  relative  to  the  screen  is  free  from  distortion 
only  when  a  flat  screen  is  used.  However,  a  flat  screen  provides  only  a 
limited  angle  of  coverage.  The  angle  of  coverage  can  be  increased  by 
curving  the  screen  around  the  observer,  but  the  viewing  angle  is 
distorted  as  shown  in  figure  2 -3c  because  the  projection  distance 
increases  while  the  viewing  distance  remains  constant. 

2.1  2. 2  The  point  source  and  display -object  form  an  obstruction  to 
the  observer's  view  which  in  most  instances  is  best  located  In  the  blind 
area  above  his  head  or  behind  him.  At  the  same  time  the  observer's 
head  and  body  form  an  obstruction  to  projection  which  is  best  located  in 
one  of  the  observer's  blind  areas,  in  most  cases,  directly  below  him. 

To  achieve  these  conditions  the  point  source  is  located  directly  above  the 
observer  and  the  display -object  is  also  above  him.  Schematic  diagrams 
of  some  practicable  arrangements  of  components  are  shown  in  figure  2-4. 

2*1  Determination  of  Scale  Ratios 

2.3. 1  The  ratio  of  the  size  of  details  on  the  display-object  to  the 
size  of  these  details  In  the  real  world  is  the  scale  or  scale  ratio  of 
the  projection  system.  The  scale  ratio  must  be  the  same  in  all  three 
axes  in  space;  i.e. ,  if  the  scale  ratio  of  length  is  2:1.  the  scale  ratio 
of  width  and  height  must  also  be  2:1.  The  determination  of  this  ratio 
is  of  great  importance  for  its  numerical  value  determines  the  size  of 
display -object  needed  to  provide  the  extent  of  real  world  desired.  The 
size  of  the  display-object  so  determined  will,  in  turn,  dictate  the  size 
and  type  of  mechanical  equipment  needed  to  move  it.  Figure  2-5  illus¬ 
trates  how  the  display-object  scale  ratio  is  determined.  All  terms 
must  be  expressed  in  the  same  dimensional  terms.  The  screen  distance 
and  theoretical  magnification  are  not  considered  in  determining 

scale  ratios,  for  by  placing  the  observer's  eye  as  close  as  possible 
to  the  point  source  the  observer's  viewing  angle  is  essentially  the  same 
as  the  point  source  projection  angle  and  the  subtended  angles  are  essentially 
equal  and  true  to  size.  These  errors  are  discussed  in  detail  in  paragraph  2. 4. 

2. 3. 2  The  effects  of  am  extended  source  and  of  diffraction  on  display- 
image  definition,  discussed  in  paragraphs  2.6.3  and  2.7,  are  major 
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Figure  2-4  -  Schematic  Diagram*  at  Point  Source  Projection  System* 
Using  Transparent  and  Reflective  Display-Objects, 
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By  definition  P  -  A/a  and  II  -  D'/J. 

From  these,  la  the  diagram 
P  .  A'/»'  -  A’/«"  -  V** 

A„.  A"-*'  -  P<»-  -  »') 

II'  -  D{/J  -  (a*  ♦  b)/a' 

II"  -  D£/J  -  (a"  ♦  b)/a" 

Note  that  while  the  diagram  shown  Is  for  a  transparent  display- 
object,  the  same  relationships  art  developed  for  a  refloctire 
display-object. 


Figure  2-5  -  Determination  of  Scale  Ratio  P  and  of  Theoretical 
Magnification  M  from  Conditions  to  be  Simulated. 
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factors  in  determining  scale  ratio.  These  effects  and  the  point  source 
envelope  dimensions  limit  the  minimum  distance  between  the  point 
source  and  the  display-object.  In  turn,  this  minimum  distance  must 
represent  at  least  the  minimum  altitude  to  be  simulated.  The  limita¬ 
tion  imposed  by  the  point  source  envelope,  being  physical,  Is  absolute 
while  the  limitation  imposed  by  extended  source  effects  and  diffrac¬ 
tion  effects  affect  display- image  quality  and  can  be  adjusted  to  the  ex¬ 
tent  that  display-image  quality  at  the  lower  and  of  the  simulated  alti¬ 
tude  range  can  be  compromised.  The  maximum  distance  permissible 
between  the  point  source  and  the  display-object  is  limited  by  the  extent 
to  which  the  distortion  of  the  display -image,  caused  by  the  corresponding 
increase  in  the  point  source  to  eye  displacement,  can  be  tolerated.  Be¬ 
cause  of  the  retro -directive  nature  of  beaded  screens,  as  discussed  in 
Chapter  5,  large  distances  between  the  point  source  and  the  eye  result 
in  decreases  in  display-image  brightness  which  can  be  serious.  A 
third  limitation  on  scale  ratio  determination  is  the  economic  and  technical 
problem  of  producing  display-objects  with  very  large  scale  ratios  as 
discussed  in  Chapter  4. 

2.3.3  Thepe  limitations  indicate  that  display-object  scale  ratios 
must  often  be  determined  through  compromises.  Determined  solely 
on  the  basis  of  picture  definition,  the  display -object  scale  ratio  may  be 
too  low  for  a  display-object  of  desired  area  coverage  so  that  the  dismay- 
object  becomes  too  large  and  unwieldy.  This  may  create  a  need  for  a 
very  large  and  complex  mechanical  system  for  moving  the  display-object 
which  in  turn  will  impose  a  severe  handicap  on  the  design  and  complexity 
of  the  servo  drives. 

2. 3.4  Very  high  scale  ratios  present  their  own  difficulties.  Display- 
objects  of  very  large  ratios  are  difficult,  sometimes  impossible  to  pre¬ 
pare.  In  addition,  servo  jitter  must  be  eliminated  since  velocity  errors 
and  oscillatibns  are  considerably  magnified. 

2.4  Distortions  Due  to  Displacement  Between  the  Eye  and 

the  Point  Source  _ 

2.4. 1  Displacement  between  the  observer's  eye  and  the  point  source 
leads  to  several  types  of  display-image  distortions  which  result  in  an 
erroneous  visual  presentation  with  regard  to  scene  perspective,  and, 
when  the  scene  moves  relative  to  the  observer,  with  regard  to  apparent 
velocity  and  acceleration  of  an  object.  If  these  distortions  are  excessive 
the  realism  of  the  visual  display  may  be  so  far  impaired  as  to  destroy 
its  value  as  a  training  device.  Although  it  is  not  possible 
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to  completely  eliminate  these  distortions,  it  Is  possible  to  reduce  th^m 
to  a  minimum  by  proper  selection  of  system  geometry  and  screen  shape. 
These  distortions  may  be  grouped  in  three  classifications:  position  dis¬ 
tortion,  size  distortion,  and  velocity  distortion.  Size  and  velocity  dis¬ 
tortions  are  derived  from  position  distortion. 

2.  4.  2  For  purposes  of  this  discussion,  the  point  source,  the  eye, 
anTTRe  display-image  are  considered  in  the  same  vertical  plane.  Since 
the  screen  is  assumed  to  be  symetrical  about  the  point  source  in  the 
horizontal  plane,  the  viewing  angle  and  the  projection  angle  will  be 
identical  and  no  distortion  will  be  introduced  in  this  plane.  Some  addi¬ 
tional  distortion  is  Introduced  when  the  eye  is  outside  of  the  vertical 
point  source  -  image  plane,  but  this  can  be  made  insignificant  by  keep¬ 
ing  the  eye  to  plane  distance  small. 

2. 4. 3  Position  Distortion 

2. 4. 4  Position  distortion  may  be  defined  as  the  difference  between 
the  angle  of  projection  to  a  point  on  the  display-image  and  the  viewing 
angle  from  the  eye  to  the  same  point  on  the  display-image.  (Appendix 

1,  figures  1-1,  1-2  and  1-3)  Position  distortion  depends  upon  the  point 
source  to  eye  distance,  the  point  source  to  screen  distance,  the  geo¬ 
metric  relationship  of  the  eye  to  the  point  source  and  the  screen,  the 
angle  of  viewing,  and  the  shape  of  the  screen.  Expressions  for  posi¬ 
tion  distortion  in  terms  of  these  variables  hAve  been  derived  in  Appen¬ 
dix  I  and  are  the  basis  for  the  following  illustrations  and  discussion. 
Throughout  this  discussion,  the  viewing  angle  is  positive  below  the 
horizontal  and  negative  above. 

2.  4. 5  Recalling  that  a  convenient  geometric  arrangement  is  one 
where  the  point  source  is  located  directly  above  the  eye,  the  position 
distortion,^  »  is  plotted  in  figure  2-8  as  a  function  of  viewing  angle,  &  , 
for  three  fundamental  screen  shapes:  a  flat  vertical  screen,  a  flat  hor¬ 
izontal  screen,  and  a  circular  screen  centered  at  the  point  source. 

Three  values  of  the  ratio  of  point  source  to  eye  distance  to  point 
source  to  screen  distance,  v/d,  (0.  05,  0.20,  0. 35)  were  selected  be¬ 
cause  in  the  usual  point  source  projection  system  the  point  source  to 
eye  distance  Is  expected  to  vary  from  1  to  3  feet  and  the  point  source 

to  screen  distance  is  expected  to  vary  from  8  to  20  feet. 

2.4,6  The  meaning  of  these  curves  in  terms  of  an  observer's  view 
of  the  display-  ’mage  may  best  be  illustrated  with  an  example.  H  the 
observer's  eye  is  located  3'  directly  below  the  point  source  and  a 
vertical  screen  is  located  15'  from  the  point  source  (v/d  -  .20),  a  point 
projected  on  the  screen  so  that  it  is  observed  at  a  viewing  angle  50° 
below  the  horizontal  (d  -  50°)  would  be  seen  54°  below  the  horizontal  if 
viewed  from  the  point  source  (h»  4°).  Similarly  at  ground  level  an  obser 
ver  would  expect  to  3ee  the  horizon  directly  in  front  of  him  at  or  slightly 
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below  his  eye  level  (6  2  0°)  whereas  It  wilt  be  projected  on  the  screen  so 
that  he  sees  this  horizon  point  11. 5°  above  his  eye  level  *  11.  5°).  As  a 
result  of  position  distortion  the  observer  sees  each  projected  point  higher 
than  he  should  and  he  will  consider  each  point  to  be  more  distant  than  it 
actually  is.  The  over-all  effect  of  this  distortion  in  terms  of  a  particular 
terrain  display  is  the  so-called  "bowl  effect";  that  is  the  observer  sees  the 
entire  horizon  line  somewhat  higher  than  normal  and  he  feels  that  the  contour 
of  the  terrain  is  bowl  shaped  and  that  he  is  located  at  the  low  point  in  the 
bowl.  Another  position  distortion  phenomenon  which  seems  to  contribute 
to  "bowl  effect"  is  the  slight  curvature  in  the  observer's  view  of  the  display- 
image  of  any  straight  line  on  the  display-object  introduced  by  curvature  of 
the  screen.  The  phenomenon  is  quite  readily  explained  by  considering  that 
the  point  source  and  a  straight  line  on  the  display-object  form  a  plane  which 
intersects  the  screen  surface  to  form  the  display-image  of  the  line.  From 
consideration  of  solid  geometry  it  can  be  seen  that  the  intersection  of  this 
point  source  -  display-object-line  plane  with  a  flat  screen  (another  plane)  is 
a  straight  line  In  space  regardless  of  viewing  position  but  that  the  intersection 
of  this  plane  with  any  curved  screen  is  a  curved  line  in  space  and  will  appear 
curved  from  any  viewing  position  in  space  which  is  not  in  the  point  source  - 
display-object -line  plane.  In  normal  point  source  systems  where  the  obser¬ 
ver  is  below  the  point  source  and  the  screen  is  partly  cylindrical  and  partly 
torus  shaped,  almost  all  projected  straight  lines  appear  to  the  observer  to 
curve  upward  at  the  ends.  The  curvature  is  caused  directly  by  displacement 
of  the  observer  from  the  projection  source  and  by  screen  curvature. 

2. 4. 7  From  the  curves  in  figure  2-6  it  is  evident  that  the  smaller  the 
value  of  the  ratio,  v/d,  the  smaller  the  position  distortion  at  all  viewing 
angles  and  for  all  screen  shapes  considered.  Furthermore,  the  horizontal 
screen  shows  lower  distortion  than  either  of  the  other  shapes.  At  v/d  equal 
to  0.20,  maximum  distortion  on  the  horizontal  screen  is  8°  23'  and  occurs 
at  a  viewing  angle  of  41°  48'  below  the  horizontal.  The  maximum  distortion 
on  the  vertical  screen  is  11°  26*  at  a  viewing  angle  of  5°  43'  above  the  hori¬ 
zontal  while  maximum  distortion  on  the  circular  screen  is  11°  32'  at  a  hori¬ 
zontal  viewing  angle.  When  viewing  directly  ahead  or  at  small  angles  above 
or  below  the  horizontal,  position  distortion  is  maximum  for  vertical  and 
circular  screens  and  minimum  for  horizontal  screens.  (Of  course  the  hori¬ 
zontal  screen  cannot  be  viewed  at  an  angle  above  the  horizontal. )  Position 
distortion  directly  above  and  below  the  observer  Is  zero.  Note  that  position 
distortion  on  the  circular  screen  is  greater  than  on  the  vertical  screen 
particularly  at  viewing  angles  below  the  horizontal. 

2. 4.8  It  is  of  interest  to  note  the  rate  at  which  position  distortion  changes 
as  the  viewing  angle  changes  over  the  limits  of  visibility.  Figure  2-7  shows 
this  rate  of  change,  dr) /do  ,  for  v/d  equal  to  0.20.  Note  that  the  circular 
screen  provides  an  almost  uniform  rate  of  change  of  position  distortion  over 
the  full  range  of  viewing  angles.  The  rate  of  change  of  position  distortion  pro¬ 
vided  by  the  horizontal  screen  is  also  quite  uniform  in  the  area  between  15° 
below  the  horizontal  and  75°  below  the  horizontal.  This  represents  a  major 
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Figure  8-7  -  Rate  of  Change  at  Position  Distortion,  d-n/db,  with  Viewing  Angle, 6  ,  for  Three 
Basie  Screen  Shapes  for  Selected  System  Parameters. 
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portion  of  the  useful  projection  area  on  a  horizontal  screen.  Rate  of 
change  of  position  distortion  on  the  vertical  screen  is  subject  to  consider¬ 
able  variation. 

2.4.9  Figures  2-8,  2-9,  and  2-10  illustrate  the  effect  of  varying  the 
Horizontal  distance,  h,  between  the  observer's  eye  and  the  point  source 
(v  positive).  all  cases  the  point  source  remains  above  the  level  of  the 
observer's  eye.  When  h  Is  positive  the  point  source  is  behind  the  obser¬ 
ver  and  when  h  is  negative  the  point  source  Is  forward  from  the  observer. 
When  the  point  source  Is  moved  back  from  the  observer  distortion  at 
viewing  angles  below  the  horizonts1  is  decreased  and  distortion  at  viewing 
angles  above  the  horizontal  is  Increased.  The  values  of  distortion  that 
are  negative  are  completely  theoretical  because  the  observer's  head  will 
Interfere  with  projection  and  no  image  will  be  formed  at  these  viewing 
angles.  When  the  point  source  Is  moved  forward  from  the  observer's 
position,  position  distortion  Is  Increased  for  viewing  angles  below  the 
horizontal  and  is  decreased  for  viewing  angles  above  the  horizontal.  Here 
negative  distortion  values  are  hypothetical  because  the  point  source  will 
interfere  with  the  observer's  view  of  the  screen.  From  these  curves  It 
may  be  concluded  that  when  a  display-image  directly  below  the  observer 
or  at  large  angles  below  the  horizontal  Is  not  require^  position  distortion 
on  the  remaining  portion  of  the  display-image  below  the  horizontal  can  be 
reduced  by  moving  the  point  source  back  from  the  observer.  Location  of 
the  point  source  forward  of  the  observer  should  be  avoided  except  where 
features  very  close  to  or  beneath  the  feet  of  the  observer  are  absolutely 
essential  to  the  display-image  requirements  of  a  problem. 

2. 4. 10  The  rate  of  change  in  position  distortion  with  change  in  viewing 
angle  dr^  /d<J  ,  for  the  conditions  where  the  point  souice  is  located  for¬ 
ward  or  behind  the  observer  is  shown  on  figures  2-11,  2-12,  and  2-13 
for  v/d  equal  to  .  20.  When  the  point  source  Is  moved  to  a  position  forward 
of  the  observer's  eye  (h  negative)  the  rate  of  change  of  position  distor¬ 
tion  on  both  vertical  and  circular  screen  becomes  more  uniform  at  view¬ 
ing  angles  below  the  horizontal  but  becomes  more  Irregular  at  points 
Immediately  above  the  horizontal.  When  projected  on  the  horizontal  screen 
the  rate  of  change  of  distortion  becomes  more  irregular  at  viewing  angles 
just  below  the  horizontal.  When  the  point  source  is  moved  to  a  location 
behind  the  observer's  eye  (h  positive)  the  rate  of  change  of  position 
distortion  is  more  uniform  on  a  vertical  screen  at  viewing  angles 
greater  than  40°  below  the  horizontal  but  is  more  Irregular  between  the 
horizontal  and  a  viewing  angle  40°  below  it.  On  the  horizontal  screen 
the  rate  of  change  of  position  distortion  becomes  more  irregular  over  the 
entire  range  of  viewing  angles.  On  the  circular  screen  the  rate  of  change 
of  position  distortion  is  also  less  uniform  at  viewing  angles  below  the 
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Figure  2-8  -  Position  Distortion, 7}  ,  on  a  Flat  Vertical  Screen  at  Viewing 
Angle,  S  ,  foe  Selected  System  Parameters. 
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horizontal. 

2.4.11  Rate  of  change  of  position  distortion  is  analogous  to  the  dis¬ 
tortion  of  the  velocity  of  a  point  on  the  display-image  when  the  display- 
object  is  moved.  The  more  uniform  the  rate  of  velocity  distortion  the 
less  likely  it  is  that  the  observer  will  detect  it.  Therefore,  it  can  be 
seen  that  a  uniform  rate  of  change  of  position  distortion  is  desirable 
particularly  when  the  display -image  requirements  include  visual  cues 
to  velocity. 

2.4. 12  Size  distortion 

2.4. 13  Position  distortion  of  the  end  points  of  an  object  lead  to  dis¬ 
tortion  in  its  size,  so  that  the  object  appears  smaller  or  larger  than  it 
actually  is.  Size  distortion  is  dependent  upon  the  same  variables  as 
position  distortion  and  in  addition  is  dependent  upon  the  size  of  the  ob¬ 
ject  viewed.  Size  distortion  in  combination  with  position  distortion  re¬ 
sults  in  a  distortion  of  perspective  in  the  display-image. 

2.4. 14  The  effect  of  size  distortion  was  studied  by  considering  an 
object  on  the  display-image  subtending  an  angle,  A 6 -10°,  at  the  eye 

of  the  observer.  As  this  object  is  viewed  at  different  viewing  angles, 

6,  size  distortion,  An ,  assumes  values  as  shown  in  figure  2-14  when 
v/d  is  equal  to  .  20  and  h  is  equal  to  0.  Positive  values  of  size  distor¬ 
tion,  An,  mean  that  the  object  is  actually  larger  than  it  appears  while 
negative  values  mean  that  the  object  is  smaller.  Thus  an  object  viewed 
at  35°  below  the  horizontal  on  a  vertical  screen  appears  to  be  10°  in 
size  but  is  actually  only  8,25°  (AT)»-1.75°).  An  8.5°  object  viewed  at 
an  angle  20°  below  the  horizontal  and  an  11. 5°  object  viewed  at  an  angle 
25°  above  the  horizontal  on  the  same  vertical  screen  will  both  appear  to 
be  10°  in  size. 

2.4. 15  The  curves  of  figure  2-15  show  the  distortion  in  size,AT) ,  of 
a  10°  object  over  the  range  of  viewing  angles, 6  ,  as  the  point  source  is 
moved  forward  (h  negative)  and  back  (h  positive)  relative  to  the  observer. 
Note  that  a  family  of  curves  can  be  established  for  every  size  object 
(different  values  ofA0).  One  of  the  effects  of  size  distortion  13  to  lead  to 
false  judgements  of  distances.  Thus,  an  object  which  appears  larger 
than  it  actually  is  seems  closer  to  the  observer  than  it  actually  is. 

2.4. 16  The  rate  of  change  of  the  size  of  an  object,  dAVd<$,  as  the 
viewing  angle,  <5 ,  is  varied  provides  a  cue  to  the  velocity  with  which 
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the  object  approaches  or  departs  from  the  viewer.  If  an  object  is 
viewed  in  the  distance  C«0)  and  it  approaches  the  viewer  (<5*90°), 
the  size  of  the  object  should  change  uniformly  in  a  specific  manner 
to  give  the  proper  illusion  of  speed.  A  departure  from  this  rate  of 
change  in  size  gives  the  unrealistic  impression  that  the  object  is 
moving  particularly  slow  or  fast.  Figure  2-16  shows  the  rate  of 
change  of  size  distortion  with  viewing  angle  for  an  object  10°  in 
size  when  v/d  is  equal  to  .  20  and  h  is  equal  to  0. 

2.4.17  Again  an  example  will  best  illustrate  the  use  of  these 
curves.  If  an  object  traveling  towards  the  observer  (  o  s  0  to  0  -  90°) 
is  seen  at  a  viewing  angle  of  60°  below  the  horizontal  on  a  flat  vertical 
screen,  it  appears  to  move  .  03T  slower  than  is  actually  the  case 
(where  T  is  the  angular  velocity  d  6/ dt  defined  by  the  speed  of  the 
display-object  and  the  dimensions  of  the  system).  Positive  values 

of  velocity  distortion  mean  that  the  object  appears  to  move  slower 
than  is  actually  the  case,  while  negative  values  have  the  opposite 
effect. 

2.4. 18  Since  the  curves  in  figures  2-11,  2-12,  2-13,  and  2-16 
provide  cues  to  velocity  distortions,  the  slope  of  these  curves  provide 
a  measure  of  acceleration  distortion.  Regions  where  the  slope  of 
these  curves  is  sharp,  indicates  areas  when  acceleration  distortion 
is  great  and  may  be  disturbing  and  distractive  to  the  observer. 

2.4. 19  These  studies  indicate  not  only  the  magnitude  and  effect  of 
distortion  due  to  displacement  of  the  eye  from  the  point  source  but 
also  indicate  that  in  a  problem  where  the  visibility  angle  is  defined 
(for  example,  from  40°  above  to  40°  below  the  horizontal)  it  Is  possible 
to  minimize  distortion  by  adjusting  the  system  geometry  Including 
screen  shape.  In  this  process,  however,  the  ratio  v/d  should  be  held 
as  low  as  possible.  The  value  of  d  is  limited  by  the  space  limitations 
imposed  on  the  design  of  the  projection  system. 

Distortion  Due  to  Screen  Curvature,  ^ear^roieetjon  System 

2. 5. 1  As  previously  pointed  out,  (paragraph  2.2. 1)  if  the  screen  used 
with  a  rear  screen  projection  system  is  curved  about  the  observer  to 
achieve  a  wide  angle  of  projection,  distortions  are  introduced  in  the 
display-image  because  the  projection  distance  increases  while  the  viewing 
distance  remains  constant  (figure  2-3c).  This  distortion  is  caused  entirely 
by  curving  the  screen  and  is  independent  of  the  eye  to  screen  distance 
and  of  the  point  source  to  screen  distance  provided  these  two 
distances  are  equal.  Position  distortion, ij  ,  due  to  curving  the  screen 
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about  tho  eye  of  the  observer  is  plotted  in  figure  2- 17a  for  the  full 
range  of  viewing  angles,  b.  This  distortion  occurs  when  the  screen 
is  curved  from  the  observer's  left  to  Ms  right  as  well  as  when  it  is 
curved  from  above  the  observer  to  Ms  feet.  When  the  curvature  is 
compounded  (spherical  screen)  the  distortions  are  compounded.  Note 
that  the  distortions  are  small  with  small  viewing  angles  from  the 
"straight  forward"  viewing  angle  but  increase  sharply  when  the  view¬ 
ing  angle  is  greater  than  30°  from  the  "straight  forward"  viewing 
angle.  The  rate  of  change  of  position  distortion,  dn/d<5,  with  this 
projection  system  is  illustrated  in  figure  2-17b.  This  rate  furnishes 
a  clue  to  velocity  distortion.  Note  that  the  rate  is-  small  where  the 
distortion  is  small  and  it  is  large  where  the  distortion  is  large.  The 
rate  of  change  of  this  velocity,  the  slope  of  the  curves  in  figure  2 -17b, 
is  a  cue  to  acceleration.  In  the  area  where  position  distortion  is 
small  acceleration  distortion  is  small.  When  viewing  angle  exceeds 
15°  to  either  side  of  the  "straight  forward"  position  the  slope  of  the 
curve  is  constant  and  acceleration  distortion  is  constant. 

2.6  Factors  Effecting  Resolution  and  Definition  of  the 

Display-Image _ 

2.6. 1  Good  resolution  and  definition  are  important  qualities  of  any 
image.  An  image  with  good  definition  is  sharp  and  clear  with  distinct 
demarcation  between  details,  whereas  one  with  poor  definition  is  blurred. 

An  image  with  good  resolution  presents  fine  details  as  separate  individual 
objects,  whereas  one  with  poor  resolution  presents  details  running  into 
one  another  and  not  separable  into  individual  objec  .  *  In  a  projection 
system,  the  degree  to  which  the  resolution  and  definition  of  the  display- 
image  approach  the  resolution  and  definition  of  the  display-object  may 

be  termed  the  resolving  and  defining  power  of  the  source  and  is  an  impor¬ 
tant  criterion  for  evaluation  of  the  system.  Resolution  and  definition 
are  very  closely  allied.  Indeed,  the  resolving  power  of  a  projection 
system  is  usually  limited  because  of  deterioration  in  definition.  As  the 
edges  of  adjacent  lines  become  more  blurred,  each  individual  line 
loses  its  identity  and  merges  into  one  blurred  image. 

2.6.2  In  the  point  source  projection  system,  definition  of  the  display- 
image  depends  primarily  on  the  source  diameter  to  display-object  line  width 
ratio,  Pj,  on  the  point  source  to  display-object  distance,  a,  and  on  the  effects 


*  Resolving  power  is  often  measured  by  the  number  of  lines  per  unit 
width  of  a  regular  pattern  of  opaque  lines  on  a  transparent  background 
wMch  can  be  individually  distinguished.  The  greater  the  number  of  lines, 
the  greater  is  the  resolving  power  of  the  system. 
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of  diffraction.  Resolution  depends  primarily  on  the  source  diameter  to 
display  object  line  width  ratio,  and  on  the  effects  of  diffraction. 

2. 0, 3  By  far  the  most  important  factor  affecting  resolution  and  def¬ 
inition  Is  the  size  of  the  extended  source;  that  is,  any  source  which  de¬ 
parts  from  a  geometric  point  source.  The  projection  of  an  opaque  line 
of  finite  width  by  a  geometric  point  source  yields  a  well  defined  magni¬ 
fied  image  which  is  totally  black  on  an  illuminated  background.  Use  of 
an  extended  source  results  in  deterioration  in  the  sharpness  of  this  image. 
Each  element  of  the  extended  source  acts  as  a  geometric  point  source  and 
the  over-all  effect  is  to  enlarge  the  image  of  the  line,  reduce  the  totally 
black  area  (the  umbra)  and  cause  a  gray  area  (the  penumbra)  on  both 
sides  of  the  umbra  as  shown  in  figure  2-18.  The  penumbra  a  gray 
area  graduating  from  totally  black  immediately  adjacent  to  the  umbra  to  tot¬ 
ally  white  immediately  adjacent  to  the  illuminated  background.  The  lar¬ 
ger  the  source  (assuming  a  constant  display -object  line  width)  the  smaller 
is  the  ratio  of  umbra  to  penumbra-plus-umbra,  P*.  As  this  ratio  de¬ 
creases,  image  definition  deteriorates  until  finally  it  becomes  impossible 
to  differentiate  between  the  umbra  and  the  penumbra.  At  this?  point  the 
projected  display-image  is  enlarged  beyond  the  theoretical  magnification 
(magnification  with  a  goometric  point  source)  and  the  display-image  con¬ 
trast  is  considerably  reduced  from  the  possible  maximum. 

2,6,4  The  display-object  line  width  may  accentuate  the  effects  of  the 
extended  source.  As  the  display -object  line  width  decreases  and  ap¬ 
proaches  the  extended  source  diameter,  it  is  clear  from  figure  2-19  that 
the  umbra  becomes  a  smaller  and  smaller  portion  of  the  total  image 
width.  When  the  display -object  line  width  becomes  less  than  the  ex¬ 
tended  source  diameter  the  umbra  gradually  disappears  and  only  a  gray 
display-image  remains.  Figure  2-20  Illustrates  the  extent  to  which  the 
use  of  an  oxtdnded  source  enlarges  the  display-image  line  width  over 
and  above  the  theoretical  magnification.  It  also  shows  that  when  theo¬ 
retical  magnification  exceeds  10,  further  increase  in  theoretical  magni¬ 
fication  has  little  effect  on  display- image  definition.  These  curves  are 
plotted  for  selected  values  of  the  ratio  of  the  extended  source  diameter 
to  the  display-object  width,  Pj.  The  relative  increase  in  the  extended 
source  projected  image  size  over  the  geometric  point  source  projected 
image  size,  P',  with  theoretical  magnification  is  plotted  in  accordance 
with  equations  derived  in  Appendix  n.  Note  that  as  the  extended  source 
diameter  approaches  and  exceeds  the  display-object  line  width  (P^ 
greater  than  1),  the  display-image  becomes  greatly  enlarged  above  the 
theoretical  magnification.  Indeed,  for  a  Pj  value  of  2,  the  image  size 
is  twice  the  theoretical  for  a  magnification  of  2. 
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By  definition  i%  >  S.  B  a,  b  and  J  are  held  constant  It  can  be  easily  shown 
by  similar  triangles  that 

U"<  U 
D"  >  D 
Q"  >  Q 


Figure  2  - 18 


Schematic  Showing  Effect  of  Different  Source  Diameters, 
S  and  S^,  on  Display- Image  Quality. 
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2, 6,  b  The  extent  to  which  the  ratio  o!  umbra  to  total  display-image 
area,  P",  decreases  with  an  extended  Svjurca  is  illustrated  in  Figure  2-21, 
These  curves  are  plotted  for  selected  values  of  Pj_and  compare  the  be¬ 
havior  of  the  ratio  P"  with  changes  in  theoretical  magnification  from  equa¬ 
tions  derived  in  Appendix  I.  Note  that  as  P]_  approaches  and  exceeds  1 
the  umbra  decreases  sharply  so  that  when  Pj_  equals  2  with  a  theoretical 
magnification  of  2  there  is  no  umbra.  Here  the  image  is  entirely  gray 
and  is  not  easily  recognized. 

2.6.6  The  above  theoretical  curves  mean  that  details  on  the  display- 
object  must  be  represented  with  wide  lines  relative  to  the  source  diam¬ 
eter  even  at  the  risk  of  exaggeration  in  order  to  achieve  satisfactory 
definition.  It  is  important  that  the  ratio  P^bo  minimized  and  certainly 
should  not  exceed  unity.  It  is  preferable  not  to  use  values  of  P^  greater 
than  0. 5. 

2. 6. 7  Experimental  confirmation  of  this  rule  is  presented  in  figures 
2-22,  2-23,  2-24  and  2-25.  These  curves  represent  the  subjective  im¬ 
pressions  of  three  observers  who  viewed  static  scenes  consisting  of  pro¬ 
jections  of  hand  decorated  display-objects  or  photographic  display-objects. 
Two  different  light  sources  were  used:  the  25  watt  hafnium  concentrated 
arc  lamp  (.013"  source  diameter),  and  the  2  watt  zirconium  lamp  (.004" 
source  diameter).  Figure  2-22  illustrates  the  impressions  of  the  obser¬ 
vers  with  the  combination  of  the  2o  watt  hafnium  lamp  and  several  hand 
decorated  transparent  display-objects.  These  transparencies  consisted 

of  the  same  scene  made  to  different  scales:  500:1,  1000:1,  and  2000:1. 

The  source  to  display-object  distance  was  varied  and  the  observers  were 
asked  to  render  an  opinion  of  the  static  display-image  quality  by  class¬ 
ifying  each  as  "good,  satisfactory,  marginal  or  poor' .  While  the  curves 
represent  the  average  of  the  opinions,  these  did  not  differ  appreciably. 
Note  that  the  curves  In  Figure  2-22  appear  to  be  in  close  agreement.  For 
source  to  display-object  distances  greater  than  2"  the  display-image  is 
good  or  satisfactory.  However,  below  the  2"  distance  the  image  tends  to 
deteriorate.  The  curves  are  similar  because  the  display-object  line  width 
did  not  differ  appreciably  in  spite  of  the  different  scales  of  the  objocts. 

2.6.8  The  curves  in  Figure  2-23  were  obtained  in  the  3ame  manner 
except  that  photographic  dlspiay-objects  were  used  with  the  25  watt  haf¬ 
nium  lamp.  Here  again  the  same  3cene  was  depicted  at  several  differ¬ 
ent  scales.  In  this  Instance  a  marked  deterioration  in  display-image 
quality  occurred  at  lamp  distances  between  two  and  four  inches,  depend¬ 
ing  on  the  scale  ratio  of  the  photograph.  Quality  deteriorates  more 
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Source:  25  W  Hafnium  Lamp  -  1,25  Amps. 

(Source  Diameter  ,  013  inches) 
Display-Object:  Hand  Decorated  (Transparent) 
Projection  Room  Condition:  Lighttight 
Screen  Type:  Rear  Projection 
Distance  From  Display-Object  to  Screen:  72  inches 
Viewing  Distance:  72  inches 
Note:  Display-Image  Judged  Under  Static  Conditions 


0 


T - T - T - 1"  '  I  '  '  '1 - 1 - 1  1  "I - t - —f . — -I 

*  234  58789  10  11  12 
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Figure  2-22  -  Subjective  Evaluations  at  Display-Images  Produced  by 
Projecting  a  Hand  Decorated  Display-Object  With  a 
25  Watt  Hafnium  Lamp. 
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Source:  25  W  Hafnium  Lamp  -  1.26  Amps. 

(Source  Diameter  .  013  inches) 
Display-Object:  Photographic  (Transparent) 
Projection  Room  Condition:  Lighttight 
Screen  Type:  Rear  Projection 
Distance  From  Display-Object  to  Screen:  72  inches 
Viewing  Distance:  72  inches 

Note;  Display-Image  Judged  Under  Static  Conditions. 


1  234  56789  10  11  12 

Source  to  Display-Object  Distance  -  Inches 


Figure  2-23  -  Subjective  Evaluations  of  Display-Images  Produced  by 
Projecting  a  Photographic  Display-Object  With  a 
25  Watt  Hafnium  Lamp. 
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Source:  2  W  Zirconium  Lamp  (Source  Diameter  .  0045  ln„ ) 
Display-Object:  Hand  Decorated  (Transparent) 

Projection  Room  Condition:  Lighttight 

Screen  Type:  Rear  Projection 

Distance  Prom  Display-Object  to  Screen:  72  Inches 

Viewing  Distance:  72  inchos 

Note:  Display-Image  Judged  Under  Static  Conditions 


Figure  2-24  -  Subjective  Evaluations  of  Display-Images  Produced 
by  Projecting  a  Hand  Decorated  Display-Object  With 
a  2  Watt  Zirconium  Lamp. 
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Source:  2W  Zirconium  Lamp  (Source  Diameter  .  0046  in.) 
Display-Object:  Photographic  (Transparent) 

Projection  Room  Condition:  Lighttight 
Screen  Type:  Rear  Projection 
Viewing  Distance:  72  inches 

Distance  From  Display- Object  to  Screen:  72  inches 
Note:  Display-Image  Judged  Under  Static  Conditions 
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Figure  2-26  -  Subjective  Evaluations  of  Display-Images  Produced  by 
Projecting  a  Photographic  Display-Object  With  a  2  Watt 
Zirconium  Lamp. 
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rapidly  with  larger  scale  ratios  primarily  because  the  value  at  high 
scale  ratios  is  relatively  large  and  therefore  the  display-imago  deter¬ 
iorates  .rapidly  at  large  magnifications.  The  large  Pj_  ratio  results 
from  the  fine  detail  recorded  on  photographic  film. 

2.6.9  The  curves  in  figure  2-24  were  obtained  using  a  2  watt  zir¬ 
conium  lamp  as  the  light  source  and  the  sarn9  hand  decorated  transpar¬ 
ent  display-objects  used  to  obtain  figure  2-22.  Note  that  for  large  theo¬ 
retical  magnifications,  the  quality  of  the  display-image  was  considered 
superior  to  that  obtained  with  the  26  watt  hafnium  lamp.  This  is  di¬ 
rectly  attributable  to  the  smaller  source  diameter  and  its  effect  on  the 
ratio  Pi-  The  poor  Image  quality  at  low  magnifications  was  not  a  re¬ 
sult  of  poor  Image  definition,  but  primarily  results  from  a  low  level  of 
screen  illumination.  The  low  light  output  of  the  2  watt  zirconium  lamp 
projects  the  display-image  at  a  screen  illumination  below  the  threshold 
level  and,  at  low  magnifications,  the  fine  detail  is  then  not  easily  dis¬ 
tinguished.  il  ireen  Illumination  seriously  affects  impressions  of  display- 
image  quality,  especially  if  the  illumination  Is  near  o^  below  the  thresh¬ 
old  level.  To  a  lessor  degroe,  the  c'etorio ration  of  p'cturo  quality  at 
low  magnifications  can  be  attributed  to  diffraction  effects  as  described 
In  paragraph  2.7. 

2. 0. 10  The  photographic  display-objects  used  to  obtain  figure  2-23 
were  projected  with  the  2  watt  zirconium  lamp  to  obtain  the  curves  in 
figure  2-26.  Here  again  the  effect  of  the  smaller  diameter  source  Is 
evident  In  tho  improved  Image  quality.  Indeed,  with  low  scale  ratios, 
the  Image  quality  is  good  at  high  magnifications  since  tho  photographic 
dlspluy-ob  3ct  appears  more  realistic  than  the  hand  decorated  display- 
objccl.  However,  with  large  scale  ratios  varying  between  2,000:1  and 
4,000:1  the  display-image  deteriorates  rapidly  at  high  magnifications. 
This  Is  explained  by  noting  that,  the  Inherent  nature  of  photography  is 
to  depict  all  details.  At  large  scales,  much  detail  is  present  on  the 
display -object  as  fine  line  work  and  minute  areas  of  color.  Any  of 
these  lines  or  area;:  smaller  than  the  source  diametor  is  lost  when  a 
magnification  of  10  is  reached.  Each  remaining  detail  on  the  display- 
image  must  result  from  details  on  tho  display -object  larger  than  the 
point  source  diameter.  Nevertheless  a;  the  magnification  increases,  the 
total  blurred  area  of  the  sor  -on  Increases,  because  the  blurred  images 
of  no  longer  defined  fine  details  reinforce  one  another  anti  destroy  the 
definition  of  larger  details.  With  rnueh  do-tail  present,  the  whole  image 
rapidly  loses  its  bade  characteristics  and  become:’,  an  indistinguishable 
mixture  of  color  blend;.  The  deterioration  at  low  magnification  is  a- 
gain  the*  result  of  poo-  seroan  illumination  and  diffraction. 


-1b- 


NAVTRADEVCEN  1628-  1 


2.3.11  A  second  important  factor  limiting  resolution  and  definition  of 
the  display-image  is  the  point  source  to  display-object  distance.  The 
importance  of  this  factor  derives  directly  from  the  effects  of  an  extended 
source  on  the  display- image.  It  will  be  recalled  that  the  use  of  an  ex¬ 
tended  source  reduced  the  umbra  of  the  display-image  and  causes  a  pen¬ 
umbra  to  be  projected  on  both  sides  of  the  umbra.  If  the  extended  source 
diameter  and  display-image  line  width  are  held  constant,  the  ratio  of  umbra 
to  total  display-image  area  decreases  as  the  source  to  display-object  dist¬ 
ance  decreases.  This  phenomenon  is  illustrated  in  figure  2-20.  Figure 
2-27  shows  the  effect  of  varying  the  source  to  display-object  distance  on 
the  image  quality  for  selected  values  of  source  diameter.  The  curves  in 
this  figure  are  plotted  from  expressions  derived  in  Appendix  n,  using 
angular  definition  as  an  objective  measure  of  imrge  quality.  Thin  ob¬ 
jective  measure  of  image  quality  has  been  correlated  with  subjective  eval¬ 
uations  of  image  quality  using  the  data  available  from  figures  2-22,  2-23, 
2-24  and  2-25.  Two  assumptions  underlie  figure  2-27:  (1)  two  adjoining 
areas  of  different  colors  are  projected  by  a  source  of  finite  diameter;  (2) 
the  observer  is  very  close  to  the  projection  source.  Upon  projection,  an 
"area  of  demarcation",  separates  the  two  color  areas  on  the  display-im¬ 
age  rather  than  the  distinct  line  of  demarcation  which  separates  the  color 
areas  on  the  display -object.  The  "area  of  demarcation"  increases  with 
magnification  and  is  also  a  linear  function  of  source  diameter.  As  seen 

by  the  observer,  the  area  of  demarcation  subtends  an  angle  in  spac 
which  may  be  termed  angular  definition. 

2.6. 12  The  curves  in  figure  2-27  can  be  of  value  in  determining  the 
minimum  source  to  display -object  distance  which  will  give  am  acceptable 
display-image  when  using  any  particular  diameter  source.  Conversely 
when  it  is  desired  that  the  source  approach  the  display-object  within 
some  particular  minimum  distance,  the  largest  source  diameter  which 
will  give  acceptable  display-image  quality  can  be  determined  from  chese 
curves.  When  used  in  this  manner  it  must  be  remembered  that  these 
curves  are  based  on  the  following  conditions:  (a)  The  ratio  is  less 
than  l  for  the  majority  of  the  details;  (b)  the  display-image  quality  Is 
Judged  statically;  (c)  the  projection  is  normal  to  the  screen  and  is  viewed 
normal  to  the  screen;  (d)  the  source  to  display-object  distance  is  the  min¬ 
imum  distance  measured  normal  to  the  display-object  plane.  It  should  be 
noted  that  when  the  angle  of  projection  deviates  from  the  normal  to  the 
display-object  plane,  the  source  to  display-object  distance  increases  aa 
the  secant  of  the  angle  between  the  normal  and  the  angle  of  projection  in 
question.  Thus  when  a  large  display-object  area  is  projected  by  a  point 
source  of  light,  details  on  the  display-object  remote  from  a  point  direct¬ 
ly  beneath  the  point  source  may  be  projected  with  good  definition  even 
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B y  definition  a<  aj_.  H  S,  b  and  J  are  held  constant,  It  can  easily  be 
shown  by  similar  triangles  that 


U  >1^ 

a 

D  >D I 


Figure  2-20 


Schematic  Showing  Effect  of  Source  to  Display-Object 
Distance  on  Display-Image  Quality 
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Figure  2-27  -  Relation  of  Image  Quality  to  Extended 
Source  Diameter,  S,  and  Source  to  Display-Object 
Distance,  a,  When  the  Viewing  Distance  Is  lArge 
(greater  than  72”) 
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though  details  immediately  beneath  the  point  source  may  be  projected  as 
a  blur.  When  the  display-object  is  a  terrain  presentation,  this  means 
that  the  near  scenery  will  be  blurred  but  that  distant  scenery  will  be 
presented  clearly,  conditions  which  may  be  satisfactory  for  certain 
training  problems .  It  must  be  appreciated,  therefore,  that  information 
obtained  from  Figure  2-27  should  be  modified  to  suit  the  type  of  display- 
object  used,  the  projection  conditions,  and  the  display-image  requirements 
of  the  problem. 

2.7  Effects  of  Diffraction  on  the  Display-Image 

MA  A  very  subtle  and  usually  troublesome  consequence  of  the  wave 
nature  of  light  is  diffraction,  that  is  very  slight  spreading  of  a  beam  of 
light  as  it  passes  over  an  opaque  object.  The  wavefront,  on  striking  the 
edge  of  an  opaque  object,  creates  secondary  wavelets  which  can  be  con¬ 
sidered  as  eminating  from  the  edge  of  the  opaque  object  and  which  spread 
out  in  all  directions.  Indeed,  the  light  appears  to  bend  around  the  edge 
of  the  opaque  object.  These  wavelets  interfere  with  or  reinforce  the 
major  wavofront  and  result  in  alternate  dark  and  light  bands  in  the  vicin¬ 
ity  of  the  projected  umbra  edge  as  in  Figure  2-28.  Within  the  umbra  light 
bands  of  diminishing  Intensity  can  be  noticed  while  in  the  bright  area  dark 
bands  appear.  The  over-all  effect  is  to  reduce  the  image  definition  because 
the  alternate  light  and  dark  bands  occurring  along  the  edge  of  the  projected 
image  make  it  difficult  to  distinguish  the  edge. 

Mai  Diffraction  effects  are  not  a  function  of  size  of  the  source  but 
are  Influenced  primarily  by  the  source  to  the  display-object  distance,  the 
display-object  line  width,  and  the  wave  length  of  light.  Diffraction  would 
be  the  factor  limiting  the  resolution  and  definition  of  the.  display-image 
projected  by  a  geometric  point  source  of  light.  Since  both  diffraction  and 
extended-source  effects  result  in  loss  of  definition  of  the  display-image, 
it  may  be  of  interest  to  unow  which  of  these  effects  is  most  significant 
in  a  given  instance.  Equations  defining  the  diffraction  angle, <“  ,  and  the 
extended  source  angle,  <x  ,  in  terms  of  source  to  display-object  distance, 
display-object  line  width,  .and  the  wave  length  of  light  are  given  in  Appendix 
m.  These  equations  are  derived  by  considering  the  display-object  line  in 
the  same  nature  as  a  slit,  and  by  assuming  the  point  source  to  display- 
object  distance  to  be  very  large  in  comparison  with  the  display-object 
line  width. 

2.7.3  The  curves  in  Figure  2-29  show  the  effects  of  source  to  display- 
object  distance  on  diffraction  angle,  r  ,  and  on  extended  source  angle. 
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II  If 


Plan  View  o f  Portion  of 
Diffraction  Pattern 
on  Screen 


Figure  2  -  28  -  Schematic  Diagram  of  Diffraction  Pattern  Formation 
When  Opaque  Line  of  Finite  Width  J  is  Projected  by 
a  Geometric  Point  Source  of  Light 
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a  -  inches 


Figure  2-29  -  Effect  of  Diffraction  Angle,  y »  on  Display-Image  Quality 
Compared  with  Effect  of  Extended  Source  Angle,  <* ,  on 
Display-Image  Quality  for  Selected  Display-Object  line 
Widths,  J. 
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<*,  for  selected  values  of  display-object  line  width,  J,  when  extended 
source  diameter,  S,  equals  J.  The  subjective  image  quality  evaluations 
used  in  figure  2-27  have  been  super-imposed  in  figure  2-29,  Thus  for 
any  combination  of  source  to  display-object  distance  and  display-object 
line  width,  the  expected  display-image  quality  as  well  as  the  major 
cause  of  definition  losses  can  be  found  from  this  figure. 

2.7.4  The  use  of  figure  2-29  is  best  explained  by  a  few  examples. 

If  the  source  to  display -object  distance  a,  is  held  constant  at  1"  and  the 
display-object  line  width,  J,  is  allowed  to  assume  different  values,  the 
intersection  of  the  line,  a-1",  and  the  horizontal  line  representing  the 
value  of  the  diffraction  angle,  ^  ,  at  each  value  of  J  will  determine  the 
image  quality.  In  addition,  if  the  intersection  falls  above  and  to  the 
right  of  the  curve,  a  equals  the  wave-length  of  light,  X  ,  divided  by  the 
square  of  the  diffraction  angle,  \  ,  in  radians,  the  major  effect  is  dif¬ 
fraction;  if  it  falls  below  and  to  the  left  of  this  curve  the  major  effect 
is  extended  source.  Thus,  as  J  assumes  values  of  0.001,  0.002, 

0.004,  0.007,  the  image  quality  1s  respectively  unsatisfactory,  mar¬ 
ginal,  satisfactory,  and  good.  In  the  first  three  Instances  the  major 
effect  is  diffraction;  in  the  fourth,  it  is  extended  source. 

2.7. 6  The  following  conclusions  can  be  drawn  from  the  curves: 


Values  of  J 

.001 

.0016 

.002 

Image  Quality 

Ubsat. 

Marg. 

Marg. 

Diffraction 

Effect 

a  >.0376 

a>.  0846 

a  > .  1504 

Extended  Source 

Effect 

a< .  0376 

a< .  0846 

a<  .1504 

Values  of  J 

.003 

.004 

.006 

Image  Quality 

Sat. 

Sat. 

Good 

Diffraction 

Effect 

a  >.3384 

a>.  6016 

a>l.  3536 

Extended  Source 

Effect 

a< .  3384 

a<.6016 

ad.  3536 

For  all  values  of  a,  the  projected  image  is  unsatisfactory  for  values  of  J 
less  than  0.0015,  marginal  for  values  of  J  between  0.0015  and  0.003,  sat¬ 
isfactory  tor  values  of  J  between  0.003  and  0.006,  and  good  for  values  of 
J  greater  than  0.006. 


52- 


NAVTRADEV  CEN  1628-  1 


2.7. 6  The  effect  of  source  diameter  on  Resolution  with  source  to  dis¬ 
play-object  distance  variatibn  is  illustrated  in  figure  2-30.  Resolution 
evaluations  were  made  from  a  display-image  obtained  by  projecting  a 
resolution  chart  as  display-object  with  different  size  sources.  The  res¬ 
olution  chart,  pictured  in  figure  2-31,  is  of  the  type  used  to  test  optical 
objectives.  It  consists  of  dlstinht  opaque  lines  of  various  widths  and 
spacings  etched  on  glass.  The  lines  are  placed  in  groups,  each  group 
having  very  accurately  held  uniform  line  width  and  spacing.  The  groups 
are  made  to  vary  in  regular  sequence  from  a  very  coarse  width  and  spac¬ 
ing  to  a  very  fine  pattern.  The  display-image  is  examined  to  determine 
the  group  with  finest  spacing  and  line  width  (lines  per  mm)  that  can  be 
easily  distinguished. 

2.7.7  The  curves  in  figure  2-30  show  the  pronounced  deterioration  in 
resolution  of  the  display -image  as  the  source  approaches  the  display -6b- 
ject  when  the  source  diameter  is  large  (.017").  When  the  very  small 
source  diameter  (.0045")  of  the  2  watt-zirconium  lamp  was  used  the  lim¬ 
itation  imposed  on  source  to  display-object  distance  by  the  lamp  envelope 
was  reached  before  any  display-image  deterioration  was  noted.  Using  the 
.017"  diameter  source,  a  resolution  peak  was  obtained  at  a  source  to  dis¬ 
play-object  distance  of  between  3  to  4  inches.  This  peak  represents  the 
point  of  best  resolution  where  the  effects  of  extended  source  and  of  dif¬ 
fraction  are  at  a  minimum.  When  the  .0045  diameter  source  was  used, 
no  peak  in  the  curve  was  obtained.  At  the  smallest  source  to  display- 
object  distance  physically  obtainable  the  highest  ratio  measured  was 
equal  to  1.  Presumbly,  if  the  envelcpe  restrictions  were  removed,  and 
the  source  could  be  made  to  approach  the  display-object  more  closely, 
the  resolution  would  reach  a  peak  and  would  fall  off  as  with  the  larger 
source  diameter  lamp.  Deterioration  in  resolution  to  the  left  of  the 
point  of  best,  resolution  is  caused  by  extended  source  effects  and  is  very 
rapid  at  small  source  to  display-object  distances.  The  deterioration 

v*'  ‘  ’  occurs  at  distances  beyond  4"  is  caused  by  diffraction.  It  is  very 
s.  and  appears  to  approach  an  asymptote  well  above  minimum  ac- 
cep.-ole  resolution  levels.  Hence,  diffraction  effects  are  not  usually 
considered  critical.  It  should  also  be  noted  from  this  figure  that  the 
effects  of  diffraction  are  independent  of  source  diameter. 
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Figure  2-3i  Resolution  Pattern  ' 
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CHAPTER  3 


The  Point  Source  of  Light 


3. 1  Introduction 

3. 1. 1  In  the  previous  chapters  the  reader  was  made  aware  of  the 
importance  of  the  point  source  of  light  and  its  considerable  influence 
on  display-image  definition.  In  tills  chapter  the  characteristics  in  a 
point  light  source  which  are  desirable  when  used  in  the  point  light 
source  projection  system  are  discussed.  The  various  types  of  sources 
which  are  available  and  applicable  to  this  system  are  described  and 
evaluated  with  reference  to  these  characteristics.  Also  included  in 
this  chapter  are  approaches  for  producing  a  satisfactory  source  which 
have  not  met  with  success.  These  are  included  to  acquaint  the  reader 
with  the  pitfalls  of  these  methods. 

3. 2  Requirements  of  the  Point  Source  of  Light 

3. 2. 1  In  order  to  qualify  for  point  light  source  projection,  a  source 
must  meet  the  following  requirements: 

(a. )  The  source  must  have  a  very  small  diameter. 

The  smaller  the  source  diameter  the  better  the 
Image  definition  possible  and  the  finer  the  detail 
which  can  be  projected  successfully.  A  source 
with  a  diameter  of  .029"  (Zirconium  25  watt)  was 
used  in  the  development  of  Device  2-FH-2.  In  coop¬ 
eration  with  the  de  Florez  study  program,  (2-FH-4), 
the  Sylvania  Company  produced  a  concentrated  arc 
lamp  with  a  diameter  of  .  ^13"  (Hafnium).  This 
lamp  was  subsequently  used  on  Device  2-FH-2 
and  produced  the  3ame  light  output  as  the  Zir¬ 
conium  source.  Further  work  by  the  de  Florez 
Company  produced  light  sources  with  diameters 
as  small  as  .  0035"  having  greater  light  output 
than  their  predecessors. 

(b. )  A  source  must  have  a  high  luminance  to  provide 

adequate  screen  illumination  of  the  projected  display. 
Assuming  that  the  radius,  surface  reflectivity  of 
the  screen  and  tin  transparency  of  the  display  - 


-50- 


tyAVTRADEVCEN  1620-  1 


object  are  established  for  a  specific  projection 
System,  the  brightness  of  the  display-image  is 
directly  proportional  to  the  light  output  of  the 
point  light  source.  This  output  in  turn  is  de¬ 
pendent  on  two  factors:  (1)  the  intrinsic  bright¬ 
ness  or  luminance  of  the  point  light  source  and 
(2)  its  diameter.  Since  the  diameter  of  the  light 
source  is  usually  dictated  by  certain  standards  of 
definition  required,  it  is  apparent  that  the  lumin¬ 
ance  of  the  source  largely  controls  the  display 
brightness. 

(c.)  Light  coverage  in  azimuth  and  elevation  should  be 
adequate,  preferably  greater  than  the  peripheral 
vision  of  the  human  eye.  Then  a  single  source 
cam  be  used  for  the  wide  angle  presentation. 

(d.)  The  spectral  distribution  of  the  source  in  the  vis¬ 
ible  range  should  include  all  wave  lengths  so  that 
display-object  colors  are  faithfully  projected. 

Source  color  temperatures  between  3000°  and  6000°K 
appear  to  be  satisfactory.  Some  adjustment  of  the 
light  quality  can  be  made  by  the  use  of  suitable 
filters  at  the  expense  of  light  output.  However, 
the  color  temperatures  of  the  lamp  can  vary  be¬ 
tween  wide  ranges  because  of  the  characteristics 
of  the  eye.  The  eye  can  readily  adjust  Itself  to 
a  gross  color  unbalance  in  the  projected  picture 
if  the  projection  is  in  a  completely  darkened  room. 

In  this  event  the  general  adaptation  level  of  the 
eye,  both  for  color  and  brightness,  is  not  influ¬ 
enced  by  room  lighting  and  the  effect  is  to  make 
the  projected  colors  appear  more  nearly  correct 
than  they  actually  are.  However,  if  certain  bands 
of  color  are  completely  absent  from  the  spectral 
distribution,  as  with  certain  glowing  vapor  lamps, 
the  projected  colors  can  be  noticeably  distorted, 

(e.)  The  envelope  must  be  made  as  small  as  possible 
to  permit  bringing  the  source  very  close  to  the 
display-object,  making  possible  high  scale  ratios  and 
thereby  increasing  the  operating  range  of  the  device. 
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(f. )  The  glass  envelope  surrounding  the  source  should 
be  free  of  striations  which  will  project  on  to  the 
screen  and  adversely  affect  the  display -image. 

These  striations  can  be  particularly  harmful  since 
the  projected  images  of  the  striations  do  not  move 
along  with  the  projected  picture  and  therefore  furn¬ 
ish  the  trainee  with  a  cue  that  he  is  fixed  in  real 
space. 

(g.)  The  heat  radiation  of  ,the  source  should  be  low  so 
that  there  is  no  danger  to  the  display-object  which 
can  soften  or  burn  under  high  temperature  condi¬ 
tions.  Dark  areas  within  the  transparencies,  which 
absorb  the  major  portion  of  heat  energy,  can  be 
irreparably  damaged.  The  introduction  of  a  heat 
absorbing  glass,  which  is  externally  cooled,  con¬ 
siderably  relieves  this  condition;  however,  the 
glass  may  interfere  with  the  source  approaching 
the  display-object  to  within  close  limits.  In  addi¬ 
tion,  cooling  certain  lamps  will  adversely  affect 
their  performance. 

(h. )  The  operation  of  the  source  should  not  expose  per¬ 
sonnel  to  dangor.  Certain  super  high  pressure 
lamps  explode  after  aging  sufficiently,  and  if  proper 
precautions  are  not  employed,  serious  accidents  may 
result.  In  addition,  high  energy  lamps  emit  large 
quantities  of  ultra-violet  radiation  which  is  harmful 
to  both  s*  in  and  eyes  In  extreme  cases. 

(1.)  On  an  average,  the  source  should  have  a  long  life 
to  minimize  maintenance.  Most  lamps  decrease  in 
light  intensity  as  the  lamp  ages.  This  is  true  of 
both  the  concentrated  arc  lamps  and  ga&ious  dis¬ 
charge  lamps.  Aging  effects  can  be  overcome  to 
some  extent.  With  the  concentrated  arc  lamps 
this  is  done  by  Increasing  the  current  through  the 
lamps.  A  super  pressure  lamp  is  best  discarded 
for  safety  reasons  if  there  is  an  appreciable  loss 
in  light  Intensity  due  to  aging. 

(j.)  The  point  light  source  should  be  of  reasonable  cost. 


3.3 


Types  of  Point  Source  Lamps 
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3.3.1  There  are  many  types  of  light  emitting  sources  that  exist 
today  and  which  are  commercially  available.  Only  a  few  of  these 
lamps  have  the  necessary  prerequisites  to  be  considered  for  use  in 
a  point  source  projection  system.  Only  small  diameter  sources  of 
high  photometric  brightness  will  be  described  in  the  following  para¬ 
graphs.  These  lamps  fall  into  two  classifications: 

(a.)  Low  pressure  lamps  which  depend  on  a  glowing 
metallic  substance  for  light  radiation. 

(b. )  High  pressure  lamps  which  depend  on  a  glowing 
vapor  for  light  radiation. 

The  former  category  encompasses  tungsten  filament  lamps  and  Sylvania 
concentrated  arc  lamps.  The  latter  category  includes  mercury  and 
xenon  arc  lamps. 

3.3.2  Tungsten  lamps  were  used  successfully  in  Device  2-FH-2  as 
the  side  lights  to  supplement  the  projection  of  the  zirconium  concen¬ 
trated  arc  lamp,  which  is  only  satisfactory  for  150° of  light  coverage. 
Tungsten  lamps  can  be  made  to  operate  close  to  the  melting  point  of 
tungsten  (3650°K),but  relatively  speaking,  the  lamps  are  of  low  photo¬ 
metric  brightness  (7000-8000  candles  per  square  inch)  and  in  order  to 
obtain  sufficient  light  output,  the  source  diameter  must  be  fairly  large. 
Where  definition  can  be  compromised  these  lamps  are  sometimes  ade¬ 
quate.  They  are  particuarly  useful  because  of  the  small  envelope  which 
encloses  the  source. 

3.3.3  A  much  more  efficient  light  source  is  the  Sylvania  zirconium 
concentrated  arc  lamp  which  is  made  in  the  following  wattage  ratings: 

2,  10,  25,  40,  100,  and  300.  These  lamps  operate  at  a  temperature 
which  is  close  to  the  boiling  point  of  zirconium  in  a  partial  vacuum. 

The  boiling  point  of  zirconium  at  one  atmosphere  is  approximately 
5300°K.  The  brightness  of  these  lamps  is  several  times  that  of  the 
tungsten  family  and  is  in  the  order  of  23,000  candles  per  square  inch. 

The  increased  brightness  is  obtained  because  of  the  high  operating  tem¬ 
perature.  The  brightness  increase  follows  the  Stefan-Boltzmann  law 
which  states  that  the  total  emissive  power  of  a  body  is  proportional  to 
the  fourth  power  of  its  absolute  temperature. 

3.3.4  Basically,  the  concentrated  arc  lamp  is  an  arc  lamp  provided 
with  permanent  metallic  anodes  and  a  special  refractory  cathode.  These 
two  elements  are  sealed  within  a  glass  bulb  in  a  partial  vacuum  of  ar¬ 
gon,  an  inert  gas.  When  the  arc  is  established  between  the  two  elements 
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the  cathode  hi  raised  to  a  temperature  beyond  the  molting  point. 

3, 3, 5  Early  In  the  component  study  program  The  do  Florez  Company 
interested  the  Sylvanla  Corp.  in  making  a  superior  light  source  with  a 
Hafnium  cathode.  This  cathodo  replaced  the  Zirconium  cathode  in  the 
standard  10  watt  lamp.  The  Hafnium  lamp,  having  a  considerably  higher 
boiling  temperature  than  the  Zirconium,  can  be  operated  at  higher  input 
power  to  emit  substantially  more  light.  These  Hafnium  lamps,  when 
used  In  lieu  of  the  Zirconium  lamps  in  2-FH-2,  gave  considerably  better 
definition,  especially  noticeable  in  the  "on-ground"  position. 

3.  3. 6  The  source  diameter,  light  output,  and  brightness  of  the  Hafnium 
lamp  varies  with  the  power  input  to  tho  lamp  as  shown  in  Figure  3-1. 

The  diameter  is.013"  at  26  watts  input.  For  this  diameter  the  measured 
light  output  is  approximately  13  candles  and  the  calculated  brightness  is 
80, 000  cd.  per  square  inch.  This  value  is  almost  4  times  that  of  the 
Zirconium  brightness  and  for  this  reason  it  is  possible  to  obtain  compar¬ 
able  light  outputs  for  about  one-half  the  Zirconium  diameter  (.029"),  The 
color  temperature  of  the  Hafnium  lamp  is  about  3300 °K  and  the  light  dis¬ 
tribution  is  approximately  that  of  the  Lambert's  Law  emitter.  The  measured 
light  distribution  is  shown  in  Figure  3-2.  The  lamp  envelope  permits  the 
source  to  approach  the  display-object  to  within  5/16".  The  lamp  can  be 
externally  cooled  without  affecting  its  operation  so  that  it  can  touch  the  display- 
object  without  harmful  effects.  Onu  minor  undesirable  feature  about  the 
lamp  is  the  slight  source  "wander"  within  the  refractory  material.  This 
condition,  which  is  more  of  a  minor  distraction  than  anything  of  consequence, 
can  be  relieved  by  increasing  the  lamp  current. 

3. 3.7  Throughout  the  study,  source  diameters  were  measured  by 
either  a  micrometer  microscope  or  by  optical  projection  methods.  The 
latter  method  Involves  projecting  the  source  image  on  to  a  screen  to  make 
direct  measurements  of  the  enlarged  image  and  then  determining  the 
magnification  ratio  of  the  optical  system  so  that  the  actual  source  diameter  can 
easily  be  calculated. 

3. 3.8  Variations  In  source  diameter  with  current  changes  in  this  lamp 
can  be  used  to  advantage.  It  is  possible  to  reduce  the  diameter  when  this 
lamp  approaches  the  display-object  to  obtain  better  definition.  The  re¬ 
daction  in  light  intensity  will  probably  not  be  objectionable  because  the 
images  are  enlarged  and  will  therefore  convey  more  information  in  spite 
of  the  lower  brightness.  In  addition,  the  eye  will  not  easily  notice  gradual 
changes  in  screen  Illumination  because  of  its  relative  insensitivity  to  such 
changes. 
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Lamp  Used:  25  W  Hafnium 

Measurement  of  Source  Diameter:  Optical  Projections/ 
Projection  Room  Condition:  Lighttight 
Note:  Luminance  Is  Calculated  From  / 

Luminous  Intensity  and  Source  / 

Diameter  Assuming  Source  Is  / 
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Figure  3*1  -  Variations  In  Diameter,  Luminous  Intensity  and  Luminance 
With  Changes  In  Current  for  a  25  Watt  Hafnium  Lamp. 
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LAMP  USED:  26  W  Hafnium  -  1. 3  amps  (Source  Diameter  - 

.0136") 

APPARATUS;  Weston  Llghtmeter  No.  1246 
PROJECTION  ROOM  CONDITION:  Light  tight 
DISTANCE  BETWEEN  LAMP  Si  PHOTO  CELL:  12" 


Figure  3-2  -  Light  Distribution  of  the  25  Watt  Hafnium  Lamp. 
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,3. 3.  9  Several  attempts  have  been  made  to  Interest  Sylvania  In  making 
a  hafnium  lamp  with  a  smaller  envelope  so  that  the  numerical  scale  can 
be  increased  for  some  applications.  To  date  these  attempts  have  not 
been  successful.  Sylvania  believes  that  to  do  this  it  will  be  necessary 
to  reduce  the  anode  area  and  as  a  result  the  lamp  may  operate  at  exces¬ 
sive  temperatures.  Moving  the  source  closer  to  the  envelope  will  have 
the  further  harmful  effect  of  causing  the  hafnium  vapor  to  condense  on 
the  glass  surface,  which  will  substantially  reduce  the  light  output  of  the 
lamp,  and  will  cause  the  glass  to  absorb  more  radiant  heat.  All  of  these 
factors  would  probably  result  in  an  extremely  short  life  for  the  lamp.  It 
will  also  be  necessary  to  use  a  harder  and  more  durable  glass  envelope 
which  presents  additional  problems.  Sylvania  has  indicated,  however,  that 
it  may  be  interested  in  undertaking  this  problem  at  some  future  time. 

3. 3. 10  Sylvania  has  also  been  approached  on  the  possibility  of  placing 
more  than  one  cathode  within  the  glass  envelope  with  suitable  light  shields 
so  that  increased  light  coverage  can  be  obtained.  This,  they  feel,  can  be 
done  but  it  will  be  necessary  to  increase  the  anode  size  to  obtain  suffi¬ 
cient  cooling  and  as  a  result  the  envelope  will  necessarily  be  Increased. 

3.3.11  The  HBO-109  Osrarn  mercury  arc  lamp  is  a  gaseous  discharge 
lamp  wherein  an  electrical  discharge  causes  the  mercury  to  glow.  This 
process  takes  place  at  a  high  vapor  pressure  ranging  from  35-70  atmos¬ 
pheres.  Because  of  these  pressures  an  extremely  high  photometric 
brightness  is  obtained  rivaling  the  brightness  of  the  sun.  The  radiation 
from  this  lamp  is  characteristic  of  the  mercury  spectrum  but  also  has  a 
faint  continuous  background  of  the  incandescent  electrodes.  The  chief 
lines  in  this  spectrum  of  the  mercury  arc  are  as  follows: 

405  millimicrons  (violet) 

438  millimicrons  (violet) 

548  millimicrons  (green) 

577-579  millimicrons  (yellow-gr'  ,/ 

Since  the  radiation  in  the  visible  range  consists  irnarlly  of  well  defined 
linos,  a  color  temperature  cannot  be  assigned  t.  this  lamp. 

3.3.12  The  only  red  radiation  derived  from  this  lamp  is  from  the  in¬ 
candescent  electrodes.  The  predominant  violot  radiation  and  lack  of  rod 
causes  the  red  areas  in  display-objects  to  appear  wine  colored.  A  sub¬ 
stantial  quantity  of  ultraviolet  light  is  also  radiated,  which  can  be  detri¬ 
mental  because  it  often  causes  crazing  to  occur  in  acrylic  plastics  due 
to  a  photochemical  process.  It  will  also  affect  the  dyes  in  the  display - 
oblect  which  are  generally  of  an  unstable  nature  under  the  best  conditions. 
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.3,  3, 13  Figure  3-3  Illustrates  the  physical  characteristics  of  the  lamp. 

The  operating  electrodes,  which  are  1  H0° apart,  are  enclosed  in  a  1/2" 
diameter  spherical  quartz  bulb.  The  electrode  at  right  angles  to  the  oper¬ 
ating  electrodes  is  used  exclusively  for  starting  purposes  in  the  HBO-107 
lamp.  However,  Os  ram  now  manufactures  a  mercury  arc  lamp  without 
the  starting  electrode,  the  HBO-109. 

n,  3. 14  When  operated  at  its  rating  of  100  watts,  the  source  diameter 
is  Toil"  and  emits  approximately  250  candies.  The  photometric  bright¬ 
ness  is  approximately  1  1/2  million  candles  per  square  inch.  This  Is 
about  18  times  that  of  the  Hafnium  lamp. 

3. 3. 15  Variations  in  source  diameter,  light  output  and  brightness  with 
changes  in  power  input  for  this  lamp  are  plotted  in  Figure  3-4.  It  is 
important  to  note  that  as  the  power  is  reduced  the  source  diameter  actually 
increases  and  the  brightness  decreases.  This  is  a  result  of  the  reduced 
pressures  within  tho  lamp  which  accompany  the  reduced  power  Inputs. 

The  effect  of  increased  diameter  is  the  reverse  of  that  found  in  the  Hafnium 
lamp,  where  reduced  power  input  resulted  in  decreased  source  diameter.  The 
curve  of  light  distribution  is  shown  in  Figure  3-5. 

3. 3. 18  •  Unfortunately,  the  Osram  lamp  emits  a  great  deal  of  heat  energy. 
For  this  reason  it  Is  difficult  to  use  it  directly  as  the  projection  source, 
particularly  when  the  lamp  must  be  operated  very  close  to  the  display-object, 
v  Cooling  the  lamp,  as  is  done  with  the  Hafnium  and  Zirconium  lamps  Is  not 
advisable  because  of  the  resulting  increase  in  source  diameter  and  reduction 
in  light  output.  Another  disadvantage  of  this  lamp  is  the  high  pressure  which 
creates  a  safety  problem  to  personnel.  Fortunately,  in  3pite  of  continued 
use,  do  Florez  persoanol  have  not  experienced  any  ill  effects  from  this  lamp, 
except  for  an  occasional  "sunburn".  This  problem  can  be  solved  satisfactorily 
with  ultraviolet  absorbing  filters  or  Plexiglas  to  make  the  transparency.  A 
fact  worthy  of  mention  at  this  point  Is  that  fingerprints  must  be  removed  with 
alcohol  and  distilled  water  from  lamp  before  starting,  so  that  the  salts 
from  oily  fingerprints  will  not  combine  with  and  soften  the  quartz  at  high 
operating  temperatures  which  will  promote  shattering  the  lamp  envelope. 

3. 3. 17  Without  question,  this  lamp  produces  the  brightest  source  of 
a.iy  lamp  tested  to  date.  It  has  particular  value  In  that  the  source  can  be 
"de-magnlflod"  further  even  at  tho  o/.pense  of  considerable  light  loss. 

This  lamp  has  made  It  possible  to  use  some  of  the  optical  approaches, 
which  will  be  described  In  the  following  paragraphs,  for  obtaining  even 
smallor  source  diameters. 
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Scales  shown  are  in  inches 
Key 

1.  Sylvanla  25  Watt  Zirconium  Arc  Lamp 

2.  Sylvanla  2  Watt  Zirconium  Arc  Lamp 

3.  Sylvanla  25  Watt  Hafnium  Arc  Lamp 

4.  Osram  100  Watt  Mercury  Vapor  Lamp-HBO-107 


Figure  3-3  Assorted  Point  Source  Lamps 
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Figure  3-4  -  Variations  In  Diameter,  Luminous  Intensity  and  Luminance 
With  Changes  in  Power  for  Osram  HBO-1O0  Lamp 
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LAMP  USED:  Osram  HBO  -  107  or  Osram  HBO  -  109 
APPARATUS:  Weston  llghtmeter  No.  1248 
PROJECTION  ROOM  CONDITION:  Light  tight 
DISTANCE  BETWEEN  LAMP  &  PHOTO  CELL:  12" 


Figure  3-5  -  Light  Distribution  of  the  Osram  HBO- 109 
Lamp. 


NAVTRADEVCEN  1028-1 


3.  2. 18  Representative  point  source  lamps  are  shown  in  Figure  3-3. 
Appendix  IV  contains  a  list  and  pertinent  data  of  the  more  promis  ing 
point  source  lamps  whose  source  diameters  measure  less  than  ,  100". 

3. 4  Reduction  of  Source  Diameter  by  Optical  Means 

3. 4. 1  Tlie  method  which  has  thus  far  produced  the  most  satisfactory 
source  for  point  source  projection  makes  use  of  an  optical  system  to 
reduce,  or  "demagnify",  a  real  source  such  as  the  Osram  point  light 
source.  The  extent  of  reduction,  the  type  of  image  which  is  formed  ' 

(real  or  virtual),  and  the  position  of  the  source  image  is  dependent  on 
the  character  of  and  over-all  focal  length  of  the  optical  system,  and  the 
placement  of  the  real  source  with  respect  to  this  system.  The  intensity, 
or  light  output  of  the  source,  is  dependent  on  the  luminance  of  the  real 
source,  the  reduction  ratio  of  the  system  and  the  efficiency  of  the  optical 
system.  It  should  oe  noted  the'  the  luminance  of  the  image  source  can 
never  exceed,  and  in  all  probability  will  be  less  than  the  luminance  of 
the  real  source.  As  an  approxiT  ’.tion  of  the  maximum  intensity  that  can 
be  obtained  with  an  optical  system  for  the  image  of  a  real  source,  the 
luminance  of  the  real  source  should  be  multiplied  by  the  area  of  the  image 
source,  A  proof  of  this  is  given  in  Appendix  V.  Values  of  light  intensity 
versus  source  diameter  for  a  typical  system  are  shown  in  Figure  3-8. 

3. 4.2  The  light  coverage  which  will  be  obtained  with  an  image  source 
depends  on  the  numerical  aperture  of  the  optical  system  and  the  reduction 
ratio.  In  accordance  with  the  Abbe  3ine  law,  the  ratio  of  the  sine  of  the 
exit  half  angle  to  the  sine  of  the  entrance  half  angle  is  directly  proportional 
to  the  3lze  reduction  of  the  image. 

3.4.3  Figure  3-7  schematically  represents  a  typical  optical  system 
used  to  reduce  a  real  source.  It  consists  of  a  condenser  lens  or  elements, 
an  objective  lens  or  elements,  and  a  simple  negative  meniscus  lens.  The 
real  source  is  placed  at  the  focal  point  of  the  condenser  system,  thereby 
producing  a  collimated  beam  of  light  as  the  output.  The  collimated  beam 
Is  converged  by  the  objective  lens  to  produce  a  real  Image  of  the  source 

at  the  focal  point  of  the  objective.  The  reduction  in  size  of  the  image  is 
equal  to  the  ratio  of  the  focal  length  of  the  objective  to  that  of  the  con- 
donser. 


3.4.4  The  negative  meniscus  lens  has  a  two-fold  purpose.  Its  focal 
length  and  position  are  selected  to  obtain  an  additional  reduction  In  the 
size  of  the  Image  and  to  further  dlsoerse  the  light.  Since  the  lens  is  nog 
ative,  the  image  formed  will  be  virtual  and  will  appear  to  an  observor  to 
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Experimental  Conditions 


Theoretical  Relationship  from  the  Inverse  Square  Law 


where  I  =  500  candles  and  S}  •  .  016  Inches 


Figure  3-6  -  The  Effect  of  Source  Diameter  on  Luminous 
Intensity  When  Source  Diameter  Is  Reduced 
By  Optical  Elements 
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bo  emlnating  from  a  point  behind  the  meniscus  lens.  Appendix  V  fully 
explains  the  theory  and  application  of  the  meniscus  lens  for  demagnification 
purposes. 


3. 4. 5  Utilizing  an  optical  system  typical  of  the  one  described,  the 
de  Florez  Company  has  successfully  produced  light  sources  as  small 

as  ,003b"  having  an  intensity  of  approximately  18  candles  along  the  optical 
axis.  Light  coverage  is  in  excess  of  a  complete  hemisphere,  although 
light  output  falls  off  sharply  at  the  extremities  of  the  hemisphere.  Out¬ 
put  in  a  particular  direction  varies  directly  as  the  cosine  of  the  angle 
from  the  optical  axis  to  the  direction  in  question.  This  source  can  ap¬ 
proach  the  display -object  within  .072  inches. 

3.4.6  Any  high  numerical  aperture  condenser  lens  can  be  utilized  in 
the  optical  system.  However,  the  de  Florez  Company  has  been  very 
successful  through  tho  use  of  a  single  element  quartz  condenser  lens, 
since  this  lens  must  be  placed  In  close  proxLmity  to  the  Osram  lamp  and 
be  capable  of  withstanding  the  intense  heat.  To  date  spherical  condensers 
have  been  used,  although  tests  are  now  in  progress  utilizing  two  elements, 
one  with  parabolic  surfaces,  to  eliminate  th<  abberations  accompanying 
spherical  surfaces. 

3.4.7  High  numerical  aperture  microscope  objectives  have  been  used 
successfully  as  objective  leasee.  These  are  generally  high  quality  lenses 
containing  fewer  light  absorbing  elements  than  photographic  objectives, 
since  their  field  is  not  extensive.  All  glass  to  air  surfaces  are  usually 
coated  In  the  objective  to  Increase  the  optical  efficiency  of  the  system 
and  to  eliminate  the  possibility  of  ghost  images  due  to  reflections  among 
elements. 

3.4.8  Attempts  have  been  made  to  increase  the  optical  efficioncy  by 
placing  a  spherical  mirror  behind  the  Osram  source,  but  it  has  been 
foun  1  that  the  source  itself  is  fairly  dense  to  tho  light  rays  which  are 
returned  and  focused  at  tho  source.  Consequently,  efficiency  is  Increased 
only  slightly.  It  is  also  essential  that  tho  mirror  be  aligned  perfectly 

or  the  final  imace  will  be  larger  than  desired.  It  is  generally  true  that, 

In  the  use  of  a  mirror,  any  substantial  increase  in  light  output  of  the 
final  image  results  from  a  misaligned  mirror  and  an  oversized  Image. 

3. 4.9  It  Is  obviously  Important  to  use  good  quality  leases  throughout 
the  optical  system  sin?e  any  abberations  resulting  from  Inferior  lenses  or 
design  usually  leads  to  an  oversized  image  without  an  accompanying  in¬ 
crease  in  light.  Most  good  quality  microscope  objectives  are  sufficiently 
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suitable  for  the  purpose  since  the  only  concern  of  the  optical  system  is  to 
form  an  Image  of  a  single  point.  Obviously,  as  it  becomes  desirable  to 
reduce  the  diameter  of  the  image  further,  aberrations  become  a  greater 
concern. 


3.4.10  A  convenient  location  for  the  placement  of  filters  to  absorb  heat, 
for  color  compensation,  or  for  special  effects,  is  that  following  the  con¬ 
denser  lens  where  the  light  is  collimated,  Special  fog  and  haze  effects 
can  be  obtained  utilizing  graduated  filters  in  this  section  in  conjunction 
with  auxiliary  projection  lights. 

3.4.11  In  order  to  obtain  better  definition  for  an  "on  ground"  condition 
it  is  possible  to  reduce  the  diameter  of  the  source  with  accompanying  re¬ 
ductions  of  apparent  altitude.  By  varying  the  position  of  any  of  the  ele¬ 
ments  in  the  optical  system  a  change  in  the  reduction  ratio  is  achieved. 
However,  there  is  an  accompanying  decrease  in  the  angle  of  light  output. 

3.4.12  Figure  3-8  illustrates  a  typical  assembled  optical  system  and 
figure  3-9  shows  typical  optical  elements. 

3.  5  Other  Approaches  to  Obtain  a  Small  Source  Diameter 

3.  5,1  During  the  course  of  the  study  made  by  the  de  Florez  Company 

several  unsuccessful  attempts  towards  obtaining  a  small  diameter  source 
utilizing  various  approaches  were  made.  These  have  been  noted  in  the 
ensuing  paragraphs  and  are  presented  primarily  to  discourage  any  further 
work  along  identical  lines. 

3. 5.2  Producing  Small  Diameter  Sources  by  "Piping"  Light 

3.5.3  An  Investigation  was  initiated  early  in  the  study  phase  of  this 

project  to  determine  the  possibility  of  taking  advantage  of  the  character¬ 
istics  of  acrylic  plastics  to  "pipe"  light  to  produce  a  small  diameter 
source.  It  was  believed  that  a  plexlglas  cone  could  be  used  to  concen¬ 
trate  the  light  by  introducing  a  large  quantity  of  light  at  the  base  of  the 
cone,  and  after  repeated  internal  reflections,  the  light  would  emerge  from 
the  point  of  the  cone  in  concentrated  form.  This  system  makes  use  of 
the  prlnclp’e  that  if  light  in  a  dense  medium  strikes  a  surface  of  a  rarer 
medium  at  an  angle  of  incidence  greater  than  the  critical  angle,  the  light 
is  totally  reflected.  For  plexlglas,  with  a  refractive  index  of  approxi¬ 
mately  1.5,  the  critical  angle  is  about  42°. 

3. 5.4  The  system  described  appeared  to  have  many  advantages.  The 
concentration  of  light  at  the  tip  could  make  it  possible  to  approach  the 
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Figure  3-9  Optical  Elements 
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display-object  very  closely  with  the  source.  In  addition,  it  is  possible  to 
separate  the  infra-red  radiation  from  the  visible  light  radiation  conveniently 
by  the  use  of  suitable  filters  anywhere  in  the  path  of  the  light.  Convecting 
air  currents  at  high  temperatures  would  pose  no  problem  to  the  display- 
object,  since  the  light  source  itself  would  be  far  removed  from  it.  It  was 
believed  that  a  great  quantity  of  light  could  be  "funnelled"  into  the  cone 
even  at  the  expense  of  poor  efficiency  to  obtain  a  bright  source. 

3. 5.  5  Figure  3-10  is  a  diagrammatic  sketch  of  the  test  set  up  used  to 
evaluate  the  principle.  A  ray  of  light,  on  striking  the  surface  of  the  cone, 
is  bent  by  an  angle  equal  to  the  total  cone  angle  after  each  reflection  so  it 
is  easy  to  ascertain  the  maximum  number  of  reflections  possible  before  the 
angle  of  incidence  is  reduced  to  a  value  below  the  t.  rltical  angle  and  the 
light  ray  is  allowed  to  pass  out  of  the  cone  after  being  refracted.  The  con¬ 
denser  system  was  used  to  concentrate  the  light  at  the  tip  so  that  more  light 
would  emerge  from  the  tip  by  avoiding  unnecessary  reflections.  Figure  3-11 
is  a  photograph  of  the  test  model.  Figure  3-12  is  a  photograph  of  the  tip 
itself.  Figure  3-13  illustrates  the  various  shapes  of  tips  tested. 

3. 5. 6  The  results  of  the  tests  made  were  not  encouraging  and  this  method 
was  abandoned  in  favor  of  the  meniscus  len3  system.  The  results  can  bo 
described  briefly  as  follows: 

(a.)  Light  transmission  efficiency  dropped  markedly  an  the 
diameter  of  the  cone  tip  was  reduced.  Efficiencies 
of  approximately  30%  were  obtainable  for  diameters 
of  about  1/8"  but  were  reduced  to  a  fuw  percent  as 
the  tip  diameter  was  decreased  below  1/32".  Most 
of  the  light  escaped  from  the  plexiglas  cone  in  the 
last  1/4",  and  while  It  wa^  possible  to  recover  a 
portion  of  this  light  by  the  addition  of  a  reflecting 
aluminum  foil  cone  around  the  tip,  the  total  light 
output  was  low  for  small  diameter  sources.  It 
was  definitely  established  experimentally  that  very 
little  of  the  light  was  absorbed  by  die  plexiglas  and 
that  the  greatest  portion  of  light  loss  was  a  result 
of  the  repeated  reflections  within  the  cone.  It 
should  be  noted  that  a  light  ray  on  striking  the  sur¬ 
face  of  the  cone  at  angles  greator  than  the  critical 
angle  is  not  totally  reflected  at  an  angle  equal  to 
the  incident  angle  but  a  small  percentage  of  the 
light  is  reflected  back  along  the  path  of  the  orig¬ 
inal  ray. 
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(b. )  It  is  not  possible  to  obtain  a  light  novo  ruga  beyond 
twice  the  critical  angle  of  Plexiglas  (total  angle  84°) 
without  employing  other  mean;;  for  obtaining  the  uni¬ 
form  dispersion  of  light.  Ono  such  method  would  be 
to  roughen  the  Plexiglas  tip;  but  this  results  in  largo 
light  losses. 

(c. )  It  Is  extremely  difficult  to  obtain  a  uniform  light 
distribution  because  the  small  tip  does  not  permit 
an  accurate  control  of  the  light  emitting  surface. 

The  reader  will  appreciate  the  difficulty  of  obtain¬ 
ing  a  uniform  dispersing  surface  of  extremely  small 
diameter. 

(d.)  Severe  light  dispersion,  caused  by  the  refraction 
of  different  wave  lengths,  resulted  in  many  color 
patterns  emitting  from  the  tip. 

3.  5. 7  The  possibility  of  using  a  highly  reflective  aluminum  cone  to 
concentrate  light  in  a  similar  fashion  as  the  Plexiglas  cone  also  was  studied 
for  a  brief  period  of  time.  This  work  did  not  show  any  promise  and  the 
method  was  immediately  discarded, 

3.  5.8  Additional  Attempts  at  Obtaining  an  Improved  Point  Source. 

3.  5.9  Other  approaches  which  wore  pursued  to  obtain  an  Improved 
point  source  but  which  did  not  lead  to  significant  results  will  be  mentioned 
here.  These  approaches  appear  to  be  theoretically  sound  Dut  have  not 
been  successful  because  of  practical  or  manufacturing  limitations: 

(a. )  The  possibility  of  using  a  new  material  with  a  very 
high  boiling  point  as  the  cathode  in  the  concentrated 
arc  lamps  was  discussed  with  Sylvanla.  Under  con¬ 
sideration  was  the  use  of  tantalum  carbide,  which 
Sylvanla  ha3  us.ed  in  the  manufacture  of  some  of 
its  largor  and  more  brilliant  lamps.  Sylvanla  at¬ 
tempted  to  make  a  lamp  in  the  25  watt  size  utilizing 
this  material,  but  after  several  failures,  abandoned 
the  method.  The  tantalum  carbide  was  extremely 
difficult  to  grind  In  very  small  diametors  (about 
.015")  because  of  the  brittle  nature  of  the  material. 

In  addition,  when  this  problem  was  resolved,  it  was 
found  that  the  Impurities  In  the  tantalum  carbide 
worn  quickly  vaporized  when  an  arc  was  established 
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and  consequently  tho  cathodes  immediately  woakonod 
and  broke  off. 

(b. )  The  possibility  of  pressuri&lng  the  concentrated  arc 
lamp  was  also  discussed  with  Sylvania  so  that  the 
boiling  point  of  the  cathode  material  could  be  sub¬ 
stantially  raised.  Sylvania  indicated  that  this  would 
require  more  development  work  than  was  econom¬ 
ically  feasible  duo  to  the  small  demandfor  concen¬ 
trated  arc  lamps. 

(c. )  The  possibility  of  reducing  the  distance  between  the 
electrodes  of  the  Osram  lamp  was  discussed  with 
the  manufacturer.  The  indication  from  Osram  was 
that  this  was  not  practical  to  do  because  of  the  danger 
of  shorting  •  ut  the  electrodes  after  .expansion  as  a 
result  of  the  operating  temperatures. 

(d.)  The  possibility  of  Introducing  a  mechanical  shield, 
with  a  small  diameter  hole,  (.005"  or  less)  within 
the  envelope  of  the  Osram  lamp  and  very  close  to 
the  source  so  that  the  hole  would  establish  the 
source  diameter  was  not  considered  practical. 

Osram  did  not  feel  they  could  properly  support 
such  a  shield  within  the  envelope.  They  also  felt 
tho  arc  would  be  shorted  by  the  shield  and  that  the 
high  operating  temperatures  would  pose  a  problem 
In  locating  a  suitable  shield  material.  The  maximum 
theoretical  coverage  that  could  be  obtained  with  a 
lamp  of  this  kind  would  be  180°  but  in  all  probability 
the  shield  could  not  bo  placed  close  enough  to  approach 
this  value. 

(e. )  The  possibility  of  using  mirrors  to  reduce  the  source 
diameter  of  the  Osram  lamp  was  discussed  with  in¬ 
dividuals  familiar  with  the  design  of  optical  mirrors. 
The  indication  received  was  that  there  Is  no  easy 
and  inexpensive  method  for  obtaining  this  result  and 
that  optical  lenses  appeared  to  be  a  better  approach. 
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CHAPTER  4 


The  Display-Object 


4. 1  Introduction 

4. 1. 1  While,  as  previously  mentioned,  tho  display-object  may  be 
either  transparent  or  reflective,  the  major  portion  of  the  work  to  date 
has  been  devoted  to  development  of  the  former.  A  very  considerable 
amount  of  this  work  in  the  2-FH-2,  2-F11-4  and  2-FH-b  programs  was 
devoted  to  development  of  suitable  methods  for  producing  satisfactory 
transparencies  (a  more  convenient  term  for  transparent  display-object). 
Despite  <hese  efforts,  this  component  still  lags  behind  all  others  in  the 
state  of  tho  art  since  it  requires  considerable  expenditures  of  time,  effort 
and  money  to  produce  a  satisfactory  transparency.  This  chapter  deals 
primarily  with  the  production  of  rigid  and  flexible  transparencies,  both 
hand  decorated  and  photographic.  It  also  describes  several  special  trans¬ 
parency  types,  reflective  display -objects,  and  the  problems  associated 
with  the  manufacture  of  each. 

4. 2  Requirements  for  a  Satisfactory  Transparent  Display-Object 

4.  2.  1  A  good  transparency  should  possess  the  following  qualities: 

(a. )  The  transparency  shou.d  be  reasonably 
realistic,  having  good  detail  and  color 
contrast  to  contribute  to  the  realism. 

The  details  should  bo  sufficiently  accurate 
to  present  genuine  visual  cues  to  the  ob¬ 
server. 

(b. )  Tho  transparency  should  be  freo  of  striations 
and  Imperfections  which  will  detract  from  a 
realistic  presentation. 

(c. )  The  transparency  should  have  good  light 
transmission  characteristics. 

(d.)  The  transparency  should  have  good  physical 
characteristics,  Including  the  strength  to 
support  Its  own  welgnt,  good  resistance  to 
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tear,  bending,  and  abrasion. 

4.3  Types  of  Transparencies 

4.3. 1  Transparencies  fall  into  two  physical  types:  rigid  and  flexible. 

It  is  unfortunate  that  rigid  transparencies  are  limited  to  the  smaller  sizes 
for  they  have  considerable  advantage  over  the  flexible  type.  They  are 
easier  to  manufacture.  Dyeing  this  type  presents  few  serious  problems, 
due  to  the  nature  of  the  transparency  and  dye  materials.  In  addition  the 
base  material  is  considerably  clearer  than  the  flexible  type  and  there  is 
less  light  absorption  when  compared  to  the  flexible  type.  Generally 
speaking,  a  rigid  transparency  requires  a  less  elaborate  suspension 
system  and  usually  there  is  no  need  to  get  involved  with  troublesome 
seams  as  with  flexible  types.  The  mounting  of  3-D  objects  presents 

few  difficulties.  A  good  example  of  this  type  is  shown  in  Figure  4-1. 

The  base  material  for  this  transparency  was  Plexiglas  n-A.  This 
transparency  was  approximately  65*  square  and  was  utilized  on  device  2-FH-2. 

4.3.2  The  single  advantage  of  flexible  transparencies  is  the  fact 
that  a  more  compact  mechanical  system  can  be  designed  to  support  them 
since  they  can  be  readily  rolled  on  to  a  drum,  or  they  can  be  looped  as 
many  times  as  is  necessary  and  treated  as  an  endless  belt.  It  is  therefore 
possible  to  utilize  a  flexible  transparency  to  simulate  an  extensive  area. 

For  example,  a  transparency  for  Device  2-FH-2,  which  was  made  of  rigid 
Plexiglas,  had  sun  actual  area  of  only  30  square  feet.  By  comparison  it  is 
planned  to  use  a  flexible  transparency  for  Device  2-FH-5,  which  contains 
over  450  square  feet. 

4.3.3  The  materials  most  commonly  used  in  the  manufacture  of  flexible 
transparencies  are  acetates  and  duPont  Cronar  (a  polyester  base  on  which 

is  placed  a  photographic  emulsion).  The  base  material  for  Cronar  is 
identical  to  duPont  Mylar,  a  very  tough  plastic  possessing  excellent  strength 
and  tear  characteristics.  In  addition  its  optical  clarity  is  as  good  as,  or 
better  than  any  other  flexible  plastic  materials;  however,  It  is  not  as  good 
as  some  of  the  rigid  plastic  bases  such  as  Plexiglas  n-A. 

4.3.4  During  the  course  of  the  2-FH-4  investigation  many  transparency 
bases  were  tested  to  determine  their  applicability  to  the  point  light  source 
technique.  Appendix  VI  lists  only  the  more  promising  materials  tested  and 
gives  the  pertinent  information  on  each  material.  Following  this  data  is  a 
list  of  materials  tested,  but  which  proved  unsatisfactory  on  at  least  one  of 
several  accounts.  Included  in  Appendix  VI  are  both  the  rigid  and  the  flex¬ 
ible  types. 

4,3, 3  Figure  4-2  illustrates  the  use  of  a  flexible  transparency  in 
combination  jvith  a  pulley  conveying  system.  In  order  to  keep  the  trans- 
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parency  perfectly  flat  and  to  reduce  the  amplitude  of  transparency  vibrations, 
which  are  very  troublesome  in  this  type  of  display-object,  the  transparency 
is  subjected  to  considerable  tension  (approaching  100  lbs  per  linear  foot). 

For  this  reason  Cronar  has  found  considerable  use,  since  its  tensile  strength 
is  among  the  highest  in  plastics. 

4.3.6  To  facilitate  proper  tracking  of  the  flexible  transparency  on  the 
conveyor  pulleys,  special  self -aligning  rollers,  licensed  by  the  U.  S.  Steel 
Corp.  under  the  name  of  "Lorig  Aligner  Rollers",  are  contemplated  for 
Device  2-FH-5.  These  rollers  do  not  require  any  external  control  mecha’lsm 
to  achieve  proper  tracking,  but  equalize  lateral  forces  in  the  transparency 

by  self  adjustment  of  the  roller  outside  sections  which  are  free  to  move. 

4.3.7  The  use  of  Cronar  has  presented  a  few  serious  difficulties.  This 
material  cannot  be  seamed  easily.  It  requires  a  special  coated  tape  (.001" 
thick)  to  form  a  lap  joint  under  the  action  of  substantial  heat  and  pressure 
in  order  to  obtain  transparencies  which  are  wider  th-m  42",  the  limiting 
width  of  Cronar.  The  special  tape  is  manufactured  by  the  G.  T.  Schjeldahl 
Company  located  in  Northfield,  Minnesota. 

4.3.8  Another  problem,  associated  with  flexible  transparencies^  is 
the  mounting  of  3-D  objects.  In  order  to  allow  for  the  passage  of  3-D 
objects  around  a  conveying  pulley,  the  pulley  must  be  grooved.  This  is 
shown  in  figure  4-3.  The  grooves  necessitate  the  programming  of  the 
3-D  objects  to  a  considerable  extent  since  they  must  appear  within  well- 
defined  lines. 

It  has  been  considered  possible  to  off-set  the  advantage  of  the 
flexible  material  by  using  sheet-feeders  and  repilers  to  maintain  the 
continuous  flow  of  rigid  transparencies.  Another  possibility  for  main¬ 
taining  a  continuous  flow  may  be  by  making  a  continuous  belt  of  rigid 
transparencies  by  hinging  the  various  sections  together  and  obtaining 
an  action  similar  to  a  sliding  overhead  garage  door.  Obviously,  either 
of  these  systems  necessitates  the  use  of  a  very  complicated  transparency 
conveying  system. 

4.3. 10  Generally  speaking,  rigid  transparencies  are  more  easily  dyed 
by  hand  decorated  techniques  while  the  flexible  type  are  usually  manufactured 
by  a  combination  of  hand  decorated  and  photographic  techniques.  Although 
the  use  of  Mylar  presents  many  great  advantages,  it  possesses  a  few  draw¬ 
backs.  The  material  is  impervious  to  practically  all  dyes  and,  consequently, 
a  photographic  emulsion,  which  can  be  dyed  readily,  must  be  used  to 
manufacture  the  transparencies. 
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Figure  4-3  Clearance  Groove"  in  Rollers  for  Three  Dimensional  Objects  on  a  Transparency 
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4,  4  Manufacturing  Techniques 

4,  4. 1  Manufacture  of  Transparencies  by  Hand  Decorated  Techniques. 

4, 4, 2  Several  types  of  dyes  are  available  which  are  capable  of  dyeing 
Plexiglas  either  by  the  dip  process  or  spraying.  In  addition,  these  dyes 
can  be  applied  with  brush  or  pen.  Dip  dyeing  generally  leads  to  the  most 
satisfactory  results  insofar  as  tight  transmission  is  concerned.  However, 
it  is  the  most  time  consuming  since  It  requires  special  clay  barriers  to 
be  erected  on  the  transparency,  outlining  the  area  to  be  dyed.  This 
technique  is  especially  troublesome  on  curved  surfaces. 

4. 4.  3  Color  is  generally  applied  to  large  areas  by  spraying.  Color 
saturation  is  usually  controlled  by  the  proportion  of  inks  and  solvents  in 
the  spray  solution.  The  dye  solution  should  be  sprayed  by  someone  skilled 
in  the  art.  Respraying  a  surface  to  obtain  additional  color  density  is  not 
usually  successful,  and  generally  results  in  fogging  the  surface.  This 
drastically  reduces  light  transmission.  If  respraying  a  surface  becomes 
necessary,  the  surface  scum,  which  usually  forms  due  to  respraying, 

can  be  removed  by  applying  wide  masking  tape  to  the  dried,  foggy  surface 
and  then  removing  the  tape.  This  usually  carries  the  surface  deposit  with 
it  and  will  generally  improve  light  transmission  with  some  dyes. 

.  4.  4  For  very  fine  line  work  the  rigid  base  materials  can  be  etched 
with  a  scriber.  Appendix  VII  is  a  listing  of  pertinent  data  for  all  of  the 
materials  which  have  been  used  to  appl;  color  to  plastic  materials.  These 
dyes  are  rated  according  to  the  method  of  application. 

4.  4.  5  The  Manufacture  of  Hand  Decorated  Transparencies 
Utilizing  Photographic  Techniques 

4. 4,  6  As  explained  previously,  the  photographic  technique  has  wide 
application  in  the  making  of  transparencies  on  Cronar  since  the  photographic 
emulsion  will  easily  receive  art  work,  whereas,  the  base  material  will  not. 
The  various  steps  in  the  production  of  such  a  transparency  are  as  follows: 

(a.)  Layout  of  the  area  to  be  depleted  to  a  suitable 
scale.  See  Figure  4-4. 

(b.)  Sectionalizlng  the  layout  so  that  It  can  be  repro¬ 
duced  to  some  other  scale,  namely  the 
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scale  a  elec  tod  for  the  final  transparency, 

Figure  4-5. 

(c. )  Layout  of  the  basic  information  to  scale  on 
Cronaflex  utilising  guide  lines  to  depict  large 
areas.  See  Figure  4-6. 

(d. )  Masking  the  Cronaflex  overlay  prior  to 
airbrushing  as  shown  in  Figure  4-7. 

(e.)  Actual  airbrushing  of  the  Cronaflex  (original 
positive  transparency)  to  obtain  the  effect  of  a 
continuous  tone.  Spraying  is  done  with  black 
inks.  Figure  4-8  shows  a  completed  airbrushed 
section. 

(f. )  Manufacture  of  a  negative  of  the  Cronaflex 
positive  by  photographic  techniques.  This 
negative  can  be  retouched  prior  to  printing 
the  Cronar  positive  if  corrections  are  re¬ 
quired  for  any  reason.  Exposure  of  both 
negative  and  positives  can  be  done  in  a  vacuum 
frame  in  sections  or  with  a  continuous  printer. 

With  the  former  technique  extreme  care  must 
be  exercised  to  obtain  proper  registration  be¬ 
tween  the  sections. 

(g. )  Combining  the  various  sections  oi  the  trans¬ 
parency  by  seaming  them. 

(h. )  Dyeing  the  combined  transparency  as  shown  In 
Figure  4-9.  A  completed  transparency  section 
Is  shown  In  Figure  4-10. 

4. 4.7  To  simplify  the  manufacture  of  transparencies,  an  investigation 
Is  presently  being  conducted  to  determine  the  possibility  of  producing 
positives  directly  from  positives,  thus  eliminating  the  negative  step. 

This  appears  to  be  possible  by  using  a  duPont  positive  print  material 
which  can  be  handled  In  ordinary  subdued  light  conditions  during  exposure 
and  development. 

4.4.8  To  obtain  an  effect  similar  to  the  continuous  tone  obtained 
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Figure  4-7  Masking  Cro-.afiex  Original  Prior  to  Airbrusiung 
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Figure  4-3  Ser.ior.  of 


Figure  4-10  Photographic  Transparency  (Original  i:;  in  Full  Color) 
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with  photographic  transparencies,  a  special  technique  was  utilized  in 
manufacturing  a  rigid  transparency  for  Device  2-FH-2  which  combined 
photographic  and  hand  decorated  techniques.  Briefly,  the  system  con¬ 
sists  of  dyeing  the  plate  by  the  standard  methods  and  then  applying  a 
3pecial  photographic  coating  over  the  dyed  areas  to  obtain  the  simulated 
continuous  tone  effects.  This  was  done  by  applying  a  resin  over  the  entire 
plate  and  coating  the  resin  with  a  light  sensitive  material.  Positives  of 
the  photographic  image  desired  (continuous  tone  and  line  stall)  were  placed 
in  proper  registration  over  the  dyed  areas  and  exposed  to  light.  The  ex¬ 
posed  areas  then  became  impervious  to  certain  solutions  and  the  unexposed 
areas  were  washed  away,  leaving  a  photographic  imago  consisting  of  a 
resin  residue.  This  method  made  possible  the  inclusion  of  fine  detail 
otherwise  impossible  by  hand  decorated  techniques.  The  photographic 
work  in  this  instance  was  sub-contracted  to  the  Truline  Corporation, 

Saint  Louis,  Missouri. 

4.  5  Light  Transmission  Dualities  of  Transparent  Materials 

4.  6. 1  It  is  In  order  to  discuss  the  light  transmission  characteristics 
of  plastics  since  this  subject  has  a  rather  profound  influence  on  the  point 
source  projection  technique,  especially  in  applications  where  low  simulated 
altitudes  are  involved  or  where  there  is  a  requirement  for  the  projection 
of  distant  scenery. 

4.  b.  2  A  limitation  of  the  point  source  projection  technique  is  its 
inability  to  project  distant  scenery,  if  the  transparency  is  perfectly  flat 
(which  is  a  condition  for  good  perspective  if  the  area  to  be  portrayed  is 
flat).  For  all  practical  purposes,  light  transmission  is  reduced  to  a 
small  amount  at  anglos  of  8b°yf  incident  light.  This  means  that  all  scenery 
beyond  ten  times  the  apparent  altitude  is  not  projected.  This  condition  is 
radically  different  from  what  is  normally  experienced  in  true  life  since 
most  of  the  scenery  an  observer  sees  is  subtended  by  the  first  few  degrees 
measured  from  the  horizontal.  Contouring  the  transparency  so  that  light 
incident  on  the  distant  scenery  will  never  exceed  this  flat  angle  will  help 
to  relieve  this  condition.  This  can  easily  be  done  with  flexible  materials. 
Rigid  materials  must  be  permanently  form  d. 

4. 5.3  Most  materials  used  for  the  transparency  base  have  Indices  of 
refraction  of  about  1. 5.  Very  little  light  loss  occurs  in  the  materials  due 
to  absorption.  Practically  all  of  the  light  loss  is  due  to  the  reflection  from 
cither  the  first  or  second  surface.  Figure  4-11  is  a  graph  of  the  light  loss 
occurring  from  the  first  surface  as  a  function  of  the  angle  of  incidence. 

For  angles  of  incidence  loss  than  70°tho  light  loss  is  not  appreciable.  For 
the  first  40°tho  light  loss  is  about  4%  and  is  approximately  18%  at  70°  . 
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Figure  4-11  -  Light  Losses  Due  to  Surface  Reflection  For  a 
Transparent  Material  With  Index  of  Refraction 
of  1.523. 
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After  70°  tho  light  Ions  rises  very  sharply  and  is  about  70%  at  85°  . 

The  light  that  is  not  reflected  from  the  first  surface  is  refracted  follow¬ 
ing  Snell's  Law.  As  the  angle  of  Incidence  becomes  larger  and  larger, 
the  light  is  increasingly  refracted  so  that  the  angle  of  Incidence  to  the 
second  surface  approaches  the  critical  angle  for  total  reflection.  As  the 
angle  approaches  the  critical  angle,  more  of  the  light  is  reflected  and 
less  is  refracted  so  that  finally,  only  a  small  percentage  reaches  the 
screen.  Figure  4-11  also  indicates  the  light  loss  from  the  second  surface 
and  the  combined  light  loss  due  to  reflection  from  two  surfaces.  A  method 
is  now  under  study  for  possibly  reducing  the  light  loss  due  to  reflected 
light  from  rigid  flat  Plexiglas  by  providing  one  or  more  surfaces  resembling 
the  surface  of  Fresnel  lens  (surface  configuration  very  much  reduced.) 

This  technique  may  be  applicable  to  certain  projection  problems.  Fabrica¬ 
tion  of  the  surface  described  will  probably  present  a  few  manufacturing  as 
well  as  projection  difficulties  which  will  have  to  be  solvod. 

4. 5.4  The  light  reflections  off  the  transparency  surface  can  be  a 
source  of  trouble.  The  reflections  are  directed  to  the  screen  and  inter¬ 
fere  with  the  proper  transparency  projection.  The  reflected  light  is 
partially  polarized  in  the  plane  of  the  reflecting  surface,  and  its  effect 
on  the  projection  can  be  reduced  by  introducing  a  filter  (plane  polarizing 
material  oriented  at  right  angles  to  the  reflecting  plane)  in  the  path  of  the 
reflected  light. 

4.5.5  Several  successful  attempts  were  made  to  coat  Plexiglas  sur¬ 
faces  with  anti -re flection  coatings,  but  this  only  Improved  the  light  trans¬ 
mission  for  small  Incident  angles  and  had  no  measurable  effect  at  the 
larger  angles. 

4.6  Special  Effects 

4. 6. 1  The  use  of  three-dimensional  objects  on  the  transparency  nas 
greatly  enhanced  the  effectiveness  of  the  point  source  projection  technique. 
Changes  In  the  perspective  of  the  objects  themselves  and  with  other  objects 
appearing  in  tho  scene  make  for  a  very  realistic  and  convincing  presentation. 
These  three-D  objects  are  generally  made  of  transparent  pia3tlc  materials, 
usually  rigid,  which  can  be  dyed  and  which  will  transmit  light;  however, 
certain  objects  have  been  made  from  opaque  materials  and  have  been  con¬ 
sidered  adequately  realistic. 

4. 8. 2  Some  contouring  of  the  base  material  has  been  attempted  to 
follow  the  contour  of  a  particular  area.  This  has  been  dono  by  forming 
Plexiglas  arid  olliui  rigid  types  of  plastic,  but  is  not  considered  practical 
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except  fur  the  most  gontlo  contours.  Sharp  changes  in  contour  are 
difficult  to  obtain  without  the  use  of  forming  facilities  which  invariably 
result  in  internal  striations  or  surface  "mark -off"  (surface  abberations), 
which  aro  practically  impossible  to  ollrnlnaLo.  Contouring  the  entire 
transparency  is  primarily  used  to  improve  tight  transmission  and  rigidity, 
as  previously  described,  rather  than  simulating  a  specific  terrain. 

4. 0, 3  Special  3-D  objects,  such  as  mountains,  have  boon  success¬ 
fully  made  by  hand  forming  thin  acetate  material  followed  by  spraying  with 
a  transparent  plastic  spray.  The  sprayed  material  hardens  preserving 
the  shape  producing  mountains  as  shown  in  Figure  4-13.  This  method  is 
very  flexible  and  does  not  require  any  forming  facilities.  Another  method 
which  has  been  used  successfully  to  make  satisfactory  mountains  is 
accomplished  by  vacuum  forming  semi -flexible  vlnylite.  Mountains  made 
by  this  method  are  shown  in  Figure  4-13. 

4, 6, 4  After  forming,  these  mountains  must  be  colored  by  painting 
or  dyeing,  A  fair  measure  of  skill  is  required  since  the  mountains  must 
transmit  sufficient  light  to  indicate  contours,  but  cannot  be  so  transparent 
that  the  mountain  does  no*,  appear  in  the  display-image.  The  color  satur¬ 
ation  must  be  sufficient  to  allow  transmission  of  light  through  only  one 
side  of  the  mountain.  After  dyeing,  the  mountains  are  cemented  to  the 
transparency. 

4, 0.  b  Another  special  effect  that  can  sometimes  be  used  to  indicate 
surface  depressions  or  crevices  is  the  use  of  "inverted  mountains"  mounted 
upside-down  on  the  lower  side'  of  the  transparency.  Considerable  skill  must 
be  used  to  dye  the  "crevice"  and  surrounding  area  to  obtain  realistic  effects. 

4.  f>,  (1  Several  attempts  were  made  to  cast  three-dimensional  mountains 
from  liquid  Plexiglas  material.  The  finished  products  were  too  dense  to 
transmit  light  and  were  not  considered  successful. 

4, 7  Aerial  Photographs  as  Transparent  Display-Objects 

4. 7. 1  The  use  of  direct  aerial  photographs  as  display -objects  for 
point  light  source  projection  tecimiques  has  only  met  with  mediocre  success 
thus  far.  The  primary  reasons  for  this  are  as  follows: 

(a.)  Aerial  photographs  contain  considerable 

mini'll!  detail  which  is  not  capable  of  being 
resolved  by  the  point  light  source.  Sub¬ 
stantial  improvements  in  present  day  point 
light  sources  will  be  required  before  direct 
aerial  photographs  can  be  used,  ouch  im- 
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provements  are  not  expected  tn  the  near 
future. 

(b„)  Direct  color  transparencies  are  far  too 
dense  to  be  utilised  by  present  day  point 
light  sourcea, 

(c, )  Dli  ,ct  aerial  photographs  are  never  perfect 
plan  views  as  are  those  manufactured  by  the 
usual  methods.  Consequently,  perspective 
distortion  results. 

(d. )  Aerial  photographs  are  limited  in  slzq  and 
therefore,  registration  of  smaller  sections 
in  the  manufacture  of  a  large  transparency 
presents  difficult  problems. 

4. 8  Reflective  Display-Object 

4. 8.1  During  the  study  an  effort  was  made  to  find  other  types  of 
transparencies  which  would  permit  the  observer  to  see  greater  distances. 

The  reader  should  recall  that  a  limitation  on  visibility  results  from  the 
fact  that  light  is  rol'lectod  from  the  surf  ace  of  the  transparencies  at  acute 
angles. 

4.8t2  This  limitation  can  be  used  to  advantage  in  certain  cases 
involving  transparencies  which  do  not  require  a  large  number  of  three- 
dimensional  objects  of  well-defined  shapes.  It  has  been  found  that 
suitable  projection  plates  can  be  made  under  these  conditioi  s  by  mirror- 
Izlng  a  sheet  of  Plexiglas  or  acetate  30  that  a  highly  reflective  coating 
is  obtained.  On  this  surface  Is  painted,  with  transparent  inks,  suitable 
terrain  Information.  Projection  is  accomplished  with  conventional  point 
sources,  except  for  the  following  changes.  The  projection  plate  is  In¬ 
verted  snd  suspended  over  the  observer  so  that  it  possesses  the  usual 
degrees  of  freedom.  However,  the  point  source  is  between  the  observer 
and  the  plate.  This  is  shown  in  Figure  2-4.  The  scenery  is  applied  to 
the  plate  as  a  mirror  Image  of  the  normal  presentation  used  in  the  docoration 
of  transparent  plates. 

4.8.3  The  particular  advantage  of  this  projection  plate  in  a  point 
source  projection  system  is  that  visability  is  not  limited  at  acute  angles 
of  incident  light,  since  the  system  depends  on  total  reflection.  Distant 
scenery,  which  would  normally  bo  "blacked -out**  with  conventional  trans¬ 
parencies,  can  now  be  projected. 
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4.H.4  Howovur,  several  disadvantages  exlot  with  thosa  transpar¬ 
encies.  Tho  moat  Important  la  thu  fact  that  three -dime no lonat  objects 
of  regular  shape  project  on  the  screen  as  a  double  imago:  the  correct 
imago,  and  directly  underneath,  an  inverted  imago.  This  is  a  result 
of  tho  interference  of  light  rays  from  the  area  directly  in  front  of  the 
object  with  tho  object  itself,  as  shown  in  Figure  4-14.  With  irregular 
objects,  such  as  non-das  cript  foliage,  the  double  Image  is  not  Important 
if  the  foliage  is  reduced  to  half  its  scaled  size.  Its  projection  will  bo  of 
proper  size  and  it  is  difficult  for  the  observer  to  detect  the  fact  that  he 
Is  seeing  an  inverted  image  along  with  tho  upright  imago. 

4. 8.  b  In  addition  to  this  defect,  distortions  are  Introduced  which  are 
groater  than  tho  distortions  with  transparent  plates.  This  is  a  result  of 
the  Increased  source  to  eye  displacement.  The  virtual  image  of  the  source, 
which  is  the  point  from  which  the  projection  appears  to  emanate,  is  ac¬ 
tually  twice  the  distance  from  tho  light  source  to  transparency  plus  the 
distance  from  tho  light  source  to  tho  observer's  eye.  This  added  distance 
causes  greater  distortions  to  appear  in  tho  projected  picture,  as  described 
in  Chapter  2  on  screen  distortions. 

4. 8. 6  Another  difficulty  encountered  with  this  projection  plate  Is 
the  fact'  that  the  mirrorized  surface  will  not  withstand  much  abuse.  In 
fact,  it  is  almost  impossible  to  remove  inks  once  they  are  applied  to 
the  surface,  sin  e  solvents  and  rubbing  of  the  mirrorized  surface  will 
cause  a  removal  of  tho  surface.  In  addition,  masking  becomes  a  problem 
since  the  adhesive  of  tho  masking  tape  generally  lifts  off  the  silvered 
surface.  Various  mqthods  have  been  investigated  for  obtaining  better 
adhesion  for  the  reflective  coating  (a  ctually  aluminum),  and  the  Plexiglas. 
Tho  methods  Included  application  of  aluminum  vapor  In  a  vacuum,  and 
also  application  by  spraying,  but  neither  method  showod  appreciable 
Improvement  over  the  other. 

4. 8.7  Methods  have  boon  investigated  o  tho  possibility  of  applying 
inks  to  the  plastic  side  opposite  to  the  reflective  surfaro  in  instances 
where  the  plastic  is  extremely  thin..  However,  oven  then  picture  quality 
suffers  because  of  the  double  Image* which  is  created  at  acute  angles, 

4.  B.  H  More  extensive  investigation  of  reflective  display-objects 
is  currently  in  progress. 
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The  Screen 


5. 1  Introduction 

5. 1. 1  This  chapter  deals  primarily  with  the  brightness  of  the 
display-image  and  the  method  in  which  brightness  is  affected  by  the 
type  of  screen  surface  utilized.  It  describes  the  various  types  of 
screen  surfaces  generally  available,  their  characteristics,  and  ad¬ 
vantages  and  disadvantages  for-point  source  projection.  A  method 
for  making  a  satisfactory  screen  with  a  glass  beaded  3  flee  live  sur¬ 
face  is  described.  At  the  present  time  this  method  appears  to  be 
most  suitable  for  point  source  work. 

5. 1.2  The  effect  of  the  screen  contour  on  distortions  in  the  display- 
image  will  not  be  included  in  this  chapter  since  it  has  been  treated  in 
Chapter  2.  It  is  important  to  note,  however,  that  the  screen  design 
usually  requires  that  several  compromises  be  made.  On  the  one  hand 
the  screen  should  be  large  to  minimize  the  distortion  which  results  from 
the  displacement  between  the  observer^  eye  and  the  source.  In  addition, 
a  large  diameter  screen  reduces  the  effects  of  binocular  convergence 
and  the  rate  of  change  in  binocular  convergence  with  changes  in  scenery 
position.  A  large  sezeen  also  minimizes  the  apparentness  of  the  screen 
grain.  On  the  other  hand,  the  screen  should  be  made  as  small  a3  possible 
so  that  the  screen  brightness  is  adequate  and  to  minimize  the  space  re¬ 
quirements  of  the  device. 

6. 1.3  No  data  is  available  which  Indicates  the  minimum  screen 
brightness  required  for  training  purposes.  However,  it  is  substantially 
less  than  that  required  for  motion  picture  theaters  which  generally  main¬ 
tain  a  minimum  of  b  to  lb  foot-iamberts  in  the  highlight  areas  of  the 
projected  display.  It  has  been  generally  believed  by  the  de  Florez  Company 
that  anywhere  between  .  2  and  .  5  of  a  foot-lambert  is  sufficient  for  training 
purposes,  if  the  observer  is  dark  adapted.  The  values  stated  presuppose 
the  use  of  a  low  density  display-object. .  Contrast  between  the  highlights 
and  the  shadow  areas  of  the  display-object  should  not  be  great  to  insure 
adequate  brightness  of  the  shadow  areas .  Because  of  this  and  the  use  of 
pastel  colors  in  the  manufacture  of  a  display-object,  the  over-all  impression 
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tliat  an  observer  receives  when  viewing  the  display  image  is  that  the 
scene  is  illuminated  by  low  contrast,  low  brightness  daylight  conditions 
resembling  a  cloudy  day, 

5,_2  Screen  Brightness 

5. 2. 1  Screen  brightness  is  determined  tpy  several  factors,  among 
them  the  light  output  of  the  source,  the  absorption  characteristics  of 
the  display-object,  the  reflective  characteristics  of  the  screen  Itself 
and  its  distance  from  the  source.  The  problem  of  screen  brightness  is 
rendered  particularly  acute  by  the  fact  that  a  logarithmic  relationship 
exists  between  variations  in  absolute  brightness  level  and  corresponding 
variations  in  the  observer's  sensory  perception.  Thus  a  relatively  large 
increase  in  the  measured  value  of  screen  brightness  appears  to  the  observer 
as  a  small  increase  of  brightness  in  the  display-image  viewed.  Efforts 
made  to  improve  the  characteristics  of  the  point  source  and  display  -objects 
have  been  discussed  in  previous  chapters.  The  reflectivity  chn  ^acter- 
istics  of  the  screen  will  be  discussed  in  the  following  paragraphs. 

5,8  Types  of  Screen  Surfaces 

5. 3. 1  Several  types  of  screen  surfaces  are  available  for  use  with 
projection  systems.  These  Include: 

(a.)  Matte,  or  diffusing  type  surfaces 

(b. )  Directional,  or  specular  reflection  type 
surfaces 

5.3.2  Matte  surfaces  will  reflect  light  equally  in  all  directions. 
Consequently,  they  are  the  least  brilliant,  but  are  most  suitable  for 
viewing  from  the  widest  angle.  Large  theaters  make  use  of  this  type 
of  surface  extensively.  The  surface  is  smooth  and  consequently 
pictures  appear  sharp  even  at  sho  t  viewing  distances. 

5.3.3  The  specular  reflection,  or  retro -directive  type  surfaces 

do  not  reflect  light  equally  In  all  directions  but  favor  a  particular  direc¬ 
tion.  Thus,  an  observer  sitting  within  the  limits  of  the  most  favorable 
viewing  angle  will  observe  a  picture  brightness  which  is  substantially 
in  excess  of  that  obtained  with  a  matte  type  surface.  The  measure  of 
brightness  increase  over  that  of  a  matte  surface  is  generally  described 
as  the  "gain”  of  the  screen  material. 
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6.  3.4  Obviously,  if  an  observer  la  seated  outside  tho  limits  of  the 
most  favorable  viewing  angle,  picture  brightness  will  be  decidedly  less 
than  at  the  favorable  angle.  It  will  probably  be  less  than  the  brightness 
of  the  display  when  projected  on  a  matte  surface.  Consequently,  its  gain 
will  be  less  than  one. 

5, 3,6  For  the  point  source  projection  system  the  retro-directive  type 
screen  surfaces  are  to  be  preferred  since  the  positional  relationship  be¬ 
tween  light  source,  screen  and  observer  is  generally  fixed  and  the  technique 
of  retro-directive  reflection  can  be  applied. 

5. 3.6  The  more  common  types  of  specular  screen  surfaces  are  the 
glass  beaded  type,  the  metallic  type,  and,  more  recently,  the  lenticular 
type.  The  mo3t  favorable  type  for  point  source  projection  appears  to  be 
the  glass  beaded  type.  This  type  of  screen  is  made  by  coating  the  screen 
surface  with  a  white  adhesive,  and  then  pressing  or  spraying  tiny  spherical 
glass  beads  into  it.  In  this  sense  it  is  the  first  lenticular  screen,  each 
bead  being  a  minute  spherical  lens  which  is  made  to  return  light  along  a 
particular  direction.  A  ray  of  light  falling  on  a  glass  bead  is  returned, 
after  several  refractions  and  reflections  internal  to  the  glass  bead,  within 

a  cone  of  light  whose  axis  is  the  ray  of  light  falling  on  the  bead.  The  return 
cone  angle  is  controlled  largely  by  the  index  of  refraction  of  the  glass  bead, 
being  smaller  for  the  larger  indices.  Within  the  cone,  glass  beaded  screens 
give  gains  of  approximately  two. 

5. 3.7  Glass  beaded  screens  are  particularly  suitable  when  curved 
screen  surfaces  are  employed.  Curving  the  surface  has  very  little  effect 

on  the  return  cone  3ince  the  performance  of  the  spherical  bead  is  unchanged, 
oven  with  curved  surfaces. 

b.  3.8  The  surface  texture  of  the  beaded  surface  Is  quite  coarse. 

Because  of  this  pictures  appear  unsharp  when  viewed  from  short  distances 
(loss  than  about  61).  From  further  back,  however,  the  texture  Is  not 
noticeable.  In  order  to  reduce  binocular  convergence  and  distortion 
effects,  a  screen  radius  is  seldom  less  than  10*  in  a  point  source  projection 
system. 


5. 3.9  Metallic  3creen3  have  been  tried  and  have  only  provided  moderate 
success  with  the  point  light  source  technique.  Under  favorable  conditions 
screen  gains  between  2  and  0  can  be  obtained,  but  the  return  cone  angle  is 
generally  vary  narrow,  thus  barring  the  U3e  of  this  type  of  surface  where 
thoro  Is  a  large  displacement  between  light  source  and  observer.  In  addition, 


i 
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gai'>  /  ’  markedly  reduced  when  curved  surfaces  are  employed,  since 
tho  r'>+urn  angle  is  greatly  affected  by  the  orientation  of  the  reflecting 
plane  at  the  point  where  the  ray  strikes  the  plane.  Also,  wide  differ¬ 
ences  occur  in  the  characteristics  of  metallic  screens.  Some  are  simply 
made  by  silver  coating  a  smooth  base  and  others  employ  a  fine  silver 
particle  suspended  within  a  thin  plastic  layer.  Size  and  distribution  of 
the  particles  is  a  major  factor  in  determining  a  silver  screen’s  gain. 
Another  factor  is  the  treatment  of  the  screen  surface  after  the  metallic 
coating  has  been  applied.  Metallic  screens  are  generally  smooth  and 
sharp  detail  can  be  res  olved  even  from  a  close  viewing  distance. 

6. 3. 10  Lenticular  screen  surfaces  are  tho  most  recent  development 
in  the  field  of  screen  design.  The  screen  surface  is  embossed  with  a 
pattern  of  tiny  lenses,  many  thousands  of  them,  which  are  made  to  con¬ 
trol  the  light  return  angle  within  very  close  limits.  These  screens  were 
first  made  by  utilizing  metallic  screens  having  special  reflective  character¬ 
istics  and  then  embossing  a  particular  pattern  which  caused  light  to  be 
reflected  in  the  desired  manner.  Theoretically,  screen  gains  as  high  as 
100  or  more  are  possible  with  this  type  of  screen,  but  they  are  generally 
very  expensive  to  make,  and  even  more  important,  are  generally  only 
suitable  with  spherical  screen  sections.  Any  other  type  of  curvature 
would  require  a  variable  lenticular  pattern  to  control  the  return  path,  thus 
making  the  cost  prohibitively  high  for  point  source  work. 

6. 3. 11  Typical  curves  of  screen  gain  versus  viewing  angle  are  shown 
in  Figures  6-1  through  5-4  for  matte,  beaded,  metallic,  and  lenticular 
screens  respectively.  A  test  stand  for  measuring  screen  gains  is  shown 
in  Figure  5-6. 

5. 3. 12  A  special  matte  type  surface  worthy  of  mention  is  the  flat 
rear  projection  typo  of  screen.  The  use  of  this  screen  is  required 
where  rear  projection  systems  are  used.  This  system  can  be  used  to 
advantage  to  minimize  distortion  by  making  it  possible  to  place  the 
observer's  eye  at  a  position  which  is  the  mirror  image  of  the  source 
position  relative  to  the  screen.  However,  in  addition  to  lower  light 
transmission,  which  redudes  the  screen  brightness,  additional  problems 
must  be  resolved,  especially  for  the  wide  angle  illusions.  Figures  5-6 
and  5-7  show  curves  of  light  transmission  and  reflectivity  respectively 
for  the  rear  projection  screen. 

5.4  Fabrication  of  a  Glass  Beaded  Screon  for  Point  Source 
Projection _ 

5.4. 1  As  previously  indicated,  glass  beaded  screens  are  made  by  first 
preparing  a  smooth  white  surface  with  a  special  white  binder  and  pressing 
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Reflected  Luminance  of  Screen  Under  Tost 
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Figure  5  -  1  -  Screen  Gain  with  Viewing  Angle  for  a  Matte  Screen 
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Reflected  Luminance  of  Screen  Under  Test 
12  Screen  Gain  =  Reflected  Luminance  of  Standard  Matte  Screen 
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Figure  5-2  -  Screen  Gain  with  Viewing  Angle  for  a  Da-Lite 
Glass  Beaded  Screen 
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Figure  5-3  -  Screen  Gain  with  Viewing  Angle  for  a  Radiant  Diffuse 
Metallic  Coated  "Suporama"  Screen 
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c  _  .  Reflected  Luminance  of  Screen  Under  Test 

bcreen  bam  -  Reflected  Luminance  of  Standard  Matte  Screen 
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Source:  2b  W  Hafnium  Lamp  -  1.8  Amps. 
Screen  Type:  Rear  Projection 
Screen  Size:  4  inches  Diameter 
lamp  to  Screen  Distance:  9  inches 
Screen  to  Photocell  Distance:  9  Inches 
Projection  Room  Condition:  Lighttight 
Apparatus:  Weston  Light  Meter  No.  1240 
Determination  of  Efficiency:, 


Viewing  Angle  -  Degrees 


Figure  5-6  -  Variation  in  Light  Transmission  With  Viewing  Angle 
For  a  Rear  Projection  Screen. 
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Source:  25  W  Hafnium  Lump  -  1.8  Amps. 
Screen  Type:  Rear  Projection 
Screen  Size:  4  inches  Diametor 
Lamp  to  Screen  Distance:  0  inches 
Screen  to  Photocell  Distancu:  9  inches 
Projection  Room  Condition:  Lighttight 
Apparatus:  Weston  Light  Meter  No.  1240 
Determination  of  Efficiency: 
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Figure  5-7  -  Variation  in  Light  Reflectivity  With  Viewing  Angle 
For  a  Rear  Projection  Screen 
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o  •  spraying  thu  y  In,  beads  to  a  specific  depth  Into  tho  bind  or  material. 
Thu  basic  rigid  structure}  Cor  tho  screen  can  bo  made  uC  fiberglass  rein¬ 
forced  plastic  panels  Joined  together  and  supported  from  the  rear  by  a 
light  aluminum  frame.  A  schematic  representation  of  this  type  of  design 
is  shown  in  Figure  b-8. 

b,  4. 2  The  various  screen  panels  can  bo  made  from  a  single  piaster 
or  wood  fo*'rn,  which  is  actually  tho  negative  of  the  screen  panel  desired. 

A  typical  forming  tool  is  shown  in  Figure  b-9.  After  a  parting  agent  is 
applied  to  tho  surfaco  of  tho  forming  tool,  a  thin  resin  coating  is  applied 
to  the  surface  of  the  tool  and  subsequent  layers  of  fiberglass  shoots  and 
resin,  In  liquid  form,  are  also  applied.  Structural  ribs  can  easily  bo 
included  utilizing  this  technique.  After  curing,  tho  rigid  panel  is  removed 
from  the  mold,  Subsequent  panels  can  be  made  similarly.  The  reflective 
surface  is  applied  to  the  panel  and  the  screen  panels  can  then  bo  joined 
together  and  supported  Uy  the  aluminum  structure  to  form  a  continuous 
surface.  Care  must  be  o'cercined  to  obtain  a  continuous  surface  at  the 
Joints.  This  may  require  sanding  and  filling  the  crevices  with  special 
fillers.  It  has  been  found  possible  to  reduce  the  apparentness  of  tho 
joint  by  placing  a  pressure  sensitive  tapo,  whose  surface  has.  been  beaded 
in  a  fashion  similar  to  the  s  •  roon  surface,  directly  over  the  joint. 


CHAPTER  6 


Systems  Desig/i 


6. 1  A  projection  system  capable  of  presenting  a  non-program med 
visual  display  is  invariably1  a  complex  device.  Therefore,  it  is  essential 
to  limit  its  versatility  from  the  outset  to  prevent  it  from  becoming  an 
economic  "white  elephant"  and  to  Insure  that  the  period  required  for  de¬ 
velopment  will  not  be  unduly  long.  There  is  a  strong  tendency  for  per¬ 
sonnel  establishing  requirements  for  a  device  to  produce  a  rigorous 
specification,  generally  calling  for  exact  simulation  of  an  operational 
procedure  and  greatly  complicating  the  problem.  It  is  therefore  important 
to  determine: 


(a.)  That  which 's  essential  to  include  for 

training  purposes,  that  which  is  desirable, 
and  that  which  being  non-essential  can  be 
safely  excluded. 

(b. )  The  degree  of  complexity,  the  cost  and  the 
development  time  that  is  warranted  for  the 
devico  in  proportion  to  its  potential  utility 
for  training. 

(c. )  An  estimate  of  Its  probable  success,  that  is, 
its  ability  to  perform  In  accordance  with  a 
specification. 

6. 2  A  careful  analysis  of  the  above  considerations  will  generally 

Involve  a  thorough  study  of  the  projection  system  varlablrs  which  are 
closely  interrelated.  A  successful  device  generally  rep-esents  the  best 
compromise-  of  these  several  variables. 

(a. )  The  area  to  be  covered  by  the  display  and  the 
configuration  of  the  area. 

(b.)  The  altitude  range  required. 

(e. )  The  pitch  and  roll  angles  to  be  simulated. 

(d.)  The  definition  required  within  the  display. 

(•-.)  The  brightness  required  for  the  display. 
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(f.)  The  vehicle  to  bo  simulated,  including  su'.h 
characteristics  as  the  visibility  from  within, 
its  general  physical  arrangement  and  config¬ 
uration, 

(g.)  The  distortions  tolerable  in  the  display, 

(h. )  The  total  size  of  the  training  device. 

6.  3  Some  of  the  more  important  considerations  which  enter  into 
the  selection  of  a  scale  factor  for  the  transparency  include  the  minimum 
altitude  to  be  depicted,  the  total  area  to  be  simulated  and  the  minimum 
size  of  objects  to  appear  in  the  display.  The  scale  factor,  together  with 
the  size  of  the  simulated  area,  generally  dictates  whether  the  transparency 
shall  be  of  the  flexible  or  rigid  type,  Rigid  transparencies  generally  limit 
the  size  of  the  simulated  area  while  the  flexible  ones  provide  greater  cov¬ 
erage  but  complicate  the  projector.  When  it  becomes  necessary  to  simulate 
an  "on-ground"  condition,  it  is  advisable  to  establish  a  scale  factor  of  less 
than  2000:1.  If  excellent  definition  in  the  visual  display  or  detail  in  the 
3-D  objects  is  required  for  a  specific  problem,  the  scale  selected  generally 
may  not  exceed  500:1  although  a  scale  factor  of  1000:1  is  sometimes  pos¬ 
sible. 

6.4  The  ratio  of  maximum  altitude  to  be  simulated  to  minimum 
altitude  must  be  no  greater  than  100:1  and  preferably  should  be  le3S  than 
50:1.  Greater  values  of  this  ratio  usually  result  in  considerable  vertical 
travel  of  the  point  source  thereby  reducing  the  visual  display  brightness 
and  Increasing  distortions  at  the  maximum  altitudes  because  of  the  large 
point  source  to  eye  displacement.  In  the  case  of  a  rigid  transparency 
utilizing  end  plates,  the  horizon  line  Is  considerably  raised  with  large 
vertical  travels  of  the  source.  The  actual  source  travol  should  not  exceed 
6  to  10  inches. 

0,  b  Due  to  the  extensive  size  of  the  transparency,  of  the  projector 

support  mechanism,  and, of  the  associated  drive  systems  for  obtaining 
the  six  degrees  of  freedom,  pitch  and  roll  angles  should  generally  bo 
limited  to  ±20°.  Values  in  excess  of  this  usually  place  a  tremendous 
burden  on  the  power  servos  required  for  the  device  and  greatly  complicate 
the  projector  suspension  and  drive  mechanisms.  Higher  values  also 
restrict  the  visibility  of  the  pilot  when  the  projector  Is  in  an  inclined 
position. 
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6. 6  Tho  cockpit  ■  .oafiguratlon  also  plays  an  Important  role  in 
pilot  visibility.  Obviously  visibility  can  be  no  better  than  in  the  actual 
aircraft  if  true  simulation  is  to  be  achieved.  Generally,  simulated 
visibility  is  poorer  than  actual  conditions  since  it  is  not  always  possible 
to  obtain  the  total  angular  coverage  both  horizontally  and  vertically. 

Direct  shadows  of  the  cockpit,  which  fall  within  the  usual  areas  of  vis¬ 
ibility,  often  restrict  coverage.  In  the  event  the  cockpit  configuration 
provides  for  an  instrument  panol  directly  over  the  pilot's  head,  it  is 
impossible  to  cut  away  any  of  the  overhead  structure  of  the  cockpit, 
thereby  increasing  tho  source  to  eye  displacement  and  the  accompanying 
distortions. 

6. 7  As  indicated  In  Chapter  5,  selection  of  the  screen  radius  is 
based  on  the  brightness  that  is  required  for  the  display,  the  distortions 
tolerable  in  the  display  and  the  total  room  size  that  Is  available  for  the 
training  device.  The  various  binocular  e  ffects,  of  which  little  Is  known, 
also  dictate  that  the  screen  radius  be  made  as  large  as  practicable.  A 
range  of  10  to  20  feet  appears  to  be  proper  for  the  projection  screen  radius 
for  point  source  systems.  A  minimum  screen  brightness  for  the  Important 
areas  of  approximately  .  2  of  a  foot-lambert  is  required,  although  It  Is 
desirable  to  Increase  this  value  to  about  .4  if  it  is  practical  to  do  so. 

O.h  Summarizing,  unless  the  visual  display  that  is  required  is 

extremely  simple,  it  will  usually  bo  necessary  to  sacrifice  one  or  more 
of  the  available  variables.  The  compromise  which  must  be  made  will 
be  dictated  by  the  nature  of  the  training  problem  and  olien  will  3pell 
success  or  failure  for  the  device. 


Glossary 


ABERRATION  -  a  deficiency  in  an  optical  system  or  element  caused 
by  convergence  to  different  foci,  by  a  lens  or  mirror,  of  rays  of  light 
eminating  from  one  and  the  same  point. 

ABSORPTION  -  loss  of  a  portion  of  the  luminous  flux  incident  on  a 
body  which  is  prevented  from  passing  through  It. 

ANGLE  OP  INCIDENCE  -  the  angle  at  the  point  of  incidence,  between 
the  direction  of  incident  light  and  a  normal  to  the  surface  on  which  it 
falls. 

ANGLE  OP  REFRACTION  -  the  angle  belveen  the  direction  of  light 
emerging  from  a  surface  and  a  normal  to  that  surface. 

APERTURE  -  the  effective  opening  for  the  passage  of  light  rays  in 
an  optical  system. 

APLANATIC  -  free  from  spherical  aberration  and  coma. 

BRIGHTNESS  -  see  luminance 

CANDLE  -  the  photometric  unit  of  luminous  intensity.  One  candle 
equals  one -sixtieth  of  the  luminous  intensity  of  one  square  centimeter 
of  a  hollow  enclosure  at  the  temperature  of  solidifying  platinum 
(1765°  C). 

COMA  -  the  failure  of  a  lens  to  image  paraxial  rays  and  rays  through 
Its  outer  zones  at  the  same  point  when  the  rays  originate  from  Doints 
not  on  the  optical  axis. 

DEFINITION  -  the  sharpness  of  gradation  of  the  demarcation  between 
distinct  areas  or  between  details,  (see  also  resolution) 

DEGREES  OF  FREEDOM  -  number  of  variables  needed  to  define 
position  of  a  body  in  space.  The  six  degrees  of  freedom  of  movement 
in  space  are:  linear  motion  along  the  x,  y,  and  z  axes  and  rotary 
motion  about  each  of  these  axes. 

DEMAGNIFICATION  -  3eo  magnification. 
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DIFFRACTION  -  tho  spreading  of  a  beam  of  light  around  the  edges 
of  an  obstruction. 

DIFFRACTION  ANGLE  -  tho  angle  between  a  line  drawn  from  tho 
light  source  to  the  edge  of  an  obstruction  and  the  path  of  the  diffracted 
light. 

Did  PLAY -IMAGE  -  the  Image  farmed  on  the  screen  and  presented 
to  tho  observer^  view. 

DISPLAY -OBJECT  -  that  design,  decoration,  pattern,  etc,  Imposed 
between  tho  light  source  and  the  3oreen  to  alter  tho  uniformity  of  the 
light.  The  display-object  may  be  transparent  or  reflective. 

ENTRANCE  ANGLE  -  the  angle  at  a  point  object  of  a  lens  on  its 
optical  axis  subtended  by  the  aperture  of  the  optical  system  In  question. 

ENVELOPE  -  as  applied  to  lamps,  tho  glass,  quartz  or  other  trans¬ 
parent  bulb  enclosing  tho  light  emitting  parts. 

EXIT  ANGLE  -  the  angle  at  a  point  image  on  the  optical  axis  of  a 
refracting  surface  formed  by  thu  aperture  of  tho  refracting  surface. 

EXTENDED  "POINT"  SOURCE  -  soo  point  source. 

EXTENDED  SOURCE  ANGLE  -  the  angle  with  its  vertex  at  a  lino  on 
the  display-objo  :t  subtended  by  th<>  extreme  odges  of  an  exteudod 
source. 

FOOT-CANDLE  -  the  photometric  unit  of  illumination.  One  foot-eandl*1 
is  the  illumination  produced  when  the  luminous  flux  from  one  candle  falls 
normally  on  a  surface  at  a  distance  oi  one  foot.  One  foot-candle*  is  numer¬ 
ically  equivalent  to  on  . umon  per  square  foot. 

FLUX  DENSITY  -  A  measure  of  tot^l  quantity  of  light  or  Illumination. 

ILLUMINATION  -  the  Illumination  of  a  surface  is  the  amount  of  luminous 
flux  It  recdv  :s  per  unit  area.  The  *nit  of  illumination  is  the  foot-candle. 

IMAGE  -  Ui*;  picture  o-  counterpart  of  an  onjocl  produced  oy  redo  *tion 
or  refraction,  or  by  the  passage  of  rays  through  a  small  aperture.  An 
image  formed  by  the  actual  intersection  of  light  rays  is  real.  An  image 
formed  by  the  apparent  (but  not  actual)  intersection  of  light  rays,  is 
virtual. 
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INCIDENT  LIGHT  -  that  light  which  fall:;  on  a  out-face. 

INDEX  OF  REFRACTION  -  the  ratio  of  the  velocity  of  light,  in  a  vacuum 
to  thn  velocity  of  light  of  a  particular  wave  length  in  any  substance  Is 
called  the  index  of  refraction  of  the  substance  for  .light  of  that  particular 
wave  length.  The  velocity  of  light  in  air  is  so  nearly  equal  to  its  velocity 
In  free  space,  that  for  most  calculations  the  index  of  refraction  of  air 
can  lie  assumed  unity  without  introducing  significant  error, 

LINE  WIDTH  -  the  width  of  lines  which  define  details  on  the  display- 
object.  This  is  a  measure  of  the  fineness  of  details  on  the  display-object. 

# 

LUMEN  -  the  fundamental  photometric  unit.  One  lumen  equals  the 
amount  of  luminous  flux  radiating  by  a  point  source  of  one  candle  tnrough- 
out  a  solid  angle  of  such  size  as  to  surround  a  unit  area  at  a  unit  distance 
from  the  source.  By  experiment  it  has  been  determined  that  for  a  normal 
observer  one  lumen  is  equivalent  to  0.00161  watt  of  monochromatic  green 
light  of  a  wave  length  of  bbb  millimicrons,  corresponding  to  the  maximum 
of  the  visibility  curve. 

LUMINANCE  -  tho  amount  of  luminous  flux  radiated  per  unit  of  solid 
angle  per  unit  of  area  of  an  extended  source.  Luminance,  also  called 
brightness,  Is  expressed  in  candles  per  unit  area. 

LUMINOUS  FLUX  -  the  rate  of  transfer  of  visible  radiant  energy.  The 
unit  of  flux  is  the  lumen. 

LUMINOUS  INTENSITY  -  the  amount  of  luminous  flux  radiated  per  unit 
of  solid  angle  in  a  given  direction  by  a  point  soureo.  The  un't  of  in¬ 
tensity  is  the  candle. 

MAGNIFICATION  -  the  increase  (magnification  greater  than  1)  or 
decrease  (magnification  less  than  l)  in  the  size  of  an  image  as  com¬ 
pared  to  the  actual  object.  Reduction  (magnification  ’ess  than  1)  may 
also  In'  termed  domagnlflcution.  As  applied  to  the  point  source  system, 
magnification  refers  to  tho  enlargement  of  thn  display-imago  over  the 
size  of  the  display -object  during  projection.  Thn  theoretical  magnification 
of  Iho  system  is  the  enlargement  of  tho  display-image  over  tho  dlsplay- 
o’.tje  -t  size  which  would  lx-  expected  If  a  geometric  point  source  of  light 
were  used  for  projection.  As  applied  to  optical  components  such  as  lenses, 
magnification  refers  to  the  onlar.j  meat  or  reduction  of  the  image  size  a; 
compared  with  the  object  size.  Lateral  magnification  is  this  enlargement 
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as  applied  to  those  dimensions  In  a  plane  perpendicular  to  tho  optical 
axis.  Longitudinal  magnification  refers  to  that  enlargement  uf  dimen¬ 
sions  in  planes  containing  the  optical  axis. 

MENISCUS  LENS  -  a  lens  having  the  centers  of  curvature  of  both  refract 
ing  surfaces  on  tho  same  side. 

NEGATIVE  LENS  -  a  lens  whose  thickness  at  the  optical  axis  Is  less 
than  its  thickness  at  tho  periphery, 

OPACITY  -  the  reciprocal  of  transparency. 

OPTICAL  AXIS  -  the  line  connecting  the  centers  of  curvature  of  the 
refracting  surfaces  of  a  lens.  The  axis  of  an  optical  system  is  the 
line  connecting  the  centers  of  curvature  and  the  midpoints  of  tho 
spherical  refracting  surfaces  which  make  up  the  system. 

PENUMBRA  -  the  gray  portion  of  a  shadow  surrounding  the  umbra; 

It  receives  light  from  some,  but  not  all,  parts  of  tho  light  source. 

PHOTOMETRY  -  the  science  of  measuring  light. 

POINT  LIGHT  SOURCE  -  a  small  source  of  light  approaching  in  sine 
the  classic  geometric  definition  of  a  point.  A  geometric  point  source 
is  a  point  source  of  light  conceived  as  having  0  dimensions.  This  is 
a  theoretical  concept  only  and  cannot  be  achieved  physically.  An  ex¬ 
tended  "point11  source  or  simply  an  extended  source,  is  a  point  source 
with  finite  dimexxslons. 

PROJECTION  ANGLE  -  tho  angle  in  a  vertical  pLane,  with  its  vertex 
at  the  point  source  which  is  subtended  by  a  horizontal  line  and  the  line 
of  projection  toward  any  point  on  the  display- Image. 

REFLECTANCE  -  tho  ratio  of  reflected  luminous  flux  to  the  total 
incident  flux  in  percent. 

REFLECTION  -  that  portion  of  luminous  flux  incident  on  a  body  which 
Is  deflected  by  a  surface  of  tho  body  without  passing  through  that 
surface. 
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REFRACTION  -  the  change  In  direction  of  a  wave  which  results  when 
it  enters  another  medLum  obliquely  and  when  the  velocity  of  the  wave 
in  the  second  medium  is  different  from  its  velocity  in  the  original 
medium, 

RESOLUTION  -  the  distinguishing  of  fine  details  from  one  another. 
Resolving  power  is  the  ability  to  distinguish  among  fine  details  and 
is  commonly  evaluated  by  determining  ability  to  distinguish  fine  points 
or  lines  sot  close  together  as  individual  items. 

RETRO -DIRECTI  VE  -  the  characteristic  of  being  able  to  return 
something  along  the  same  path  by  which  it  came. 

SLOPE  ANGLE  -  the  angle  formed  between  the  optical  axis  of  a 
ler.s  system  and  any  ray  which  crosses  the  optical  axis. 

SPHERICAL  ABERRATION  -  A  deficiency  caused  by  the  failure  of 
a  lens  or  mirror  to  image  paraxial  rays  and  rays  through  outer  zones  at 
the  same  point  when  the  rays  originate  at  a  point  on  the  optical  axis. 

TRANSMISSION  -  the  portion  of  total  luminous  flux  Incident  on  a  body 
which  passos  through  It. 

TRANSMITTANCE  -  the  ratio  of  transmTad  light  to  incident  light  in 
percent. 

TRANSPARENCY  -  the  ratio  of  the  intensity  of  the  transmitted  light 
to  the  Intensity  of  the  incident  light  in  percent.  Also,  a  transparent 
display-object  (see  display-object). 

UMBRA  -  the  totally  black  portion  of  a  shadow  which  receives  no 
light  from  the  light  source. 

VIEWING  ANGLE  -  the  angle,  in  a  vortical  plane,  with  Its  vertox 
at  the  eye  of  the  observer  which  is  subtended  by  a  horizontal  line  and 
line  of  sight  toward  any  point  on  the  display-image. 
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Studies  of  the  Distortions  of  the  Display- Image  on  Basic 
Screen  Shapes  Resulting  from  Displacement  of  the 
Eye  from  the  Point  Source 


I  -  1  Position  Distortion  on  a  Flat  Vertical  Screen 


By  definition,  position  distortion,  n  »  is 

g  -  t;  -  Hence  when  t;  -  6,n  =  0  (1) 

In  figure  I  -  1,  let 

iv  v 

^  *  tan  -j  or  tant,  »-g-  (2) 

6  -  tan-1  ^|-L^or  tan6»^-^  (3) 

Solve  (3)  for  Y  and  substitute  in  (2) 

'S  -  tan"1  -j  +  (l  -  -j^tan^j  (4) 

Substitute  (4)  in  (1) 

n  -  tan"1,  ^  +  (1  ■  j)  taru5 J  -6  (5) 

Let 

X--£  +(1  -  |)  tan 6  (6) 
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Therefore 

dn  (l-3>8'2^  ,  (71 

Position  distortion  is  greatest  when  d*l  /d  6  ■  0,  (7)  then  becomes 

(1-  j)«k2<5  -  1+[j  *(‘-  j)tan,;]  2 

Substitute  the  trigonometric  identity  1  +  tan2<5  *  sec2(5  and  simplify 

r 

h  (i  -  |)tan2^  -  2v  (l  -  jj)  tan  6  •  -J-  +  h  (8) 

For  the  case  where  the  point  source  Is  located  directly  above  the  eye, 
h  -  0;  (8)  becomes 


* "  tftn’1(”‘5a) 


(9) 
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Substitute  (9)  in  (5) 


-  --1  [*  ♦  g]  -  *»-1  (i 


■1  Mn 


-1  /  V 


Therefore 


T\  -  2  tan 


■1  /  jri 


I  -  2 


Position  Distortion  on  a  Flat  Horizontal  Screen 


Using  figure  1-2,  it  can  be  shown  by  similar  reasoning  that,  for 
a  flat  horizontal  screen, 

r  ■  cot"1  f -1  4  ^1  -  *j)cot^  |  mb 

dM  l1  -  S  csc2<s  , 

i+(jj  +  (i.}j.o .'*]*  'l 

Position  distortion  is  greatest  when  d^/d  -  0.  (12)  then  becomes 
v  (l  -  cot -  2h  (l  -  cot{^  -  jj-  +  v 
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Figure  1-2  -  Schematic  Diagram  Showing  Position  Distortion  on  a  Flat 

Horizontal  Screen  Resulting  From  Displacement  of  the  Eye 
From  the  Point  Source. 
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For  the  case  where  the  point  source  is  directly  above  the  eye, 
h  *  0;  (13)  becomes 

t  -  cot-1  ^  a~T 

(14) 

And  (11)  becomes 

Y)  -  cot  1  (1  -  j)l|d  .  v  -cot  11 

(16) 

1  * 

I  -  3  Position  Distortion  on  a  Circular  Screen  with  its 

Center  at  the  Point  Source 

By  definition,  position  distortion,^  ,  is 

I 

i 

! 

i  :  •> 

Y1  -  $  -  6  Hence  when  l;  -  <$  ,  ^  -  0 

(i)  i 

i 

t  M 

✓ 

In  figure  1-3,  let 

! 

> 

Y  »  d  sin  ^ 

(is) 

1 

X  ■  d  cos  ^ 

(17) 

6  «  tan”1  (  )  or  tan  6  -  \ 

(18) 

1 

Substitute  (18)  and  (17)  in  (18) 

i 

1 

I 

tarn*  .  jslnt  ‘l 
d  cos^  - h 

(19) 

f 

J.  * 
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** 


»* 


From  trigonometry 


tan 


sin  S 


cos , 


Substitute  (20)  in  (19)  and' simplify 

sin?  cos,!  -  cos?  .lnd  -  -ISSgg  ~  h 


From  trigonometry 

sin*  cosj  -cos^  sinj  «  sin  (^  -S) 
And  from  (1) 

slnn  »  sin  ($  -l*  ) 


Substitute  (22)  and  (22)  in  (21) 


n 


sin 


5 


Let 


X1  *  ^  cos  6  -  jj  sin  (5 

Substitute  (2b)  in  (24)  and  differentiate  with  respect  tot) 


d  n 

TT  " 


d  (sin" 


n 


l 


(20) 


(21) 


(22) 


(23) 


(24) 


(25) 
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I' 


(26) 

0;  (20)  then  becomes; 


(27) 
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For  the  cape  where  the  point  source  Is  directly  above  the  eye  of 
the  observer,  h  *  0;  (27)  becomes 

C  **  tan“  1  0  ■  0 

And  (24)  becomes 

•n  . 

I  -  4  Size  Distortion  on  AH  Screen  Shapes 

In  figure  1-4,  an  object  viewed  from  the  point  source  (  a  viewing 
position  free  from  distortion)  subtends  an  angle  at  the  eye 

n-Sa-'S*  (28) 

When  viewed  from  a  position  distant  v  below  the  point  source  and 
distant  h  in  front  of  the  point  source,  the  same  object  subtends  an 
angle  at  the  eye 

A  ^  ^  i  “  A  »  (29) 

Size  distortion,  a  y\  ,  is  defined  as 

(30) 

Substitute  (28)  and  (29)  In  (20) 

*n  ■  v)  -(*«-  <V; 
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But,  by  definition, 

TU“$s  ““ <5 * 
tii *  ■y,  -  <5 , 

Therefore 

AT 1«  T\ j-  Til 

Differentiate  (31)  with  respect  to  6 

.  d(Ti,  -ti,  ) 

d  6  d  (5 

d a n  d  Tii  dll, 

'  -31 - TT" 

I  -  5  Position  Distortion  on  a  Circular  Screen 

with  its  Center  at  the  Eye  of  Observer 
Using  Rear  Screen  projection  System 

By  definition 

t)  -  $  -  6  Hence  when  ,  T|  -  0 


da) 

(lb) 


(31) 


(32) 


(1) 
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In  figure  1-5,  let 
Y  =  d  ;dn  b 
X  »  d  cos  6 


Then 


$ 


(33) 

(34) 

(36) 

(36) 

(37) 

(38) 
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Figure  1-5  -  Schematic  Diagram  Showing  Position  Distortion  on  a  Circular  Screen 
Centered  at  the  Eye  When  TJsing  the  Hear  Screen  Projection  System. 
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d  (tan-*1  X1 


1 

1  +  X' 


(2  -  cos  J  )  (cos  t  )  -  (sin  i 
(2  -  cos  5  )% 


Therefore 


d  m  2  cos  6  -  1  _  ^ 

d  6  (2  -  cos  6  )2  1 

Position  distortion  is  a  minimum  when  dVd  Sm  0;  then  (29)  becomes 


J  .  cos"1  1  -  0 


And  (37)  becomes 


VO 
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Derivation  of  Resolution  Equations 


II  -  1  Derivation  of  an  Expression  for  Distortion  of  the 

Display-Image  Width  due  to  the  Use  of  an  Extended 
Source  Rather  than  a  Geometric  Point  Source 


In  figure  II  -  1,  let 

X  -  (D  -  D')  /2  or  D  -  D'  +  2X  (42) 

By  definition 

M  -  (a  +  b)  /a  or  b  «  a(M  -  1)  (43) 

M  -  D'/J  or  D'  «  JM  (44) 

P'-  D/D'  (45) 

Pp  S/J  (40) 

Substitute  (42)  in  (45) 

P' -  (O'  +2X)/D'  (47) 


By  similar  triangles  in  figure  II  -  1 


Sb 

a: 


(48) 
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Substitute  (43),  (44)  and  (48)  In  (4?) 

p,  „  JM  S(U  -  1) 

JM 

p'  * 1  +  M9) 
Substitute  (48)  in  (49) 

p'  -  l  +  Pj.  [""iji1"') 

JLl 1  Derivation  of  an  Expression  for  the  Quality 

of  Resolution  and  Definition  as  Affected  by 
Magnification  and  the  Source  Size  to  Display- 
Qbject  Line  Width  Ratio _ 

In  figure  n  -  2,  let 

X  -  (D  -  D')/2  or  D  -  D'  +  2X  (51) 

By  definition 

M  *  (a  +  b)/a  or  b  *  a(M  -  1)  (52) 

M  -  D'/J  or  D'  =  ,TM  (53) 

D  -  U  +  2G  (54) 

P"  *  U/D  (55) 

^  -  S/J  (56) 
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> 


By  similar  triangles,  from  figure  II  -  2 
S/a  *  G/b  or  G  -  Sb/a 


Similarly 


X 

F 


or  x 


Substitute  (57)  In  (58) 

X  -  G/2 

Substitute  (51)  and  (59)  In  (54) 

O'  +  2X  -  U  +  4X  or  U  =  D'  -  2X 
Substitute  (51)  and  (00)  in  (55) 


P"- 


D'  -  2X 

T)'  VTTJC 


Substitute  (53)  and  (58)  in  (61) 
P". 


Tw  Sb 

JM  -  TT 
"SET" 


JM  t 


(57) 


(58) 


(59) 


(60) 


(61) 


(02) 


> 
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Substitute  (52)  in  (02) 

«  * 


pn 


JM  -  S(M  -  1) 

mrsSrny 


M  -  M  (M  -  1) 

—  st — ' 

M  +  J  (M  -  1) 


Substitute  for  S/J  for  (56) 


P"  = 


M  -  Pi  (M  -  1) 

TTTPTWTiy 


P" 


(03) 


II  -  3  Derivation  of  an  Expression  for  Display-Image 

Quality  as  Affected  by  Extended  Source  Size 
and  by  Distance  from  Source  to  Display-Object 


Consider  a  line  of  demarcation  between  a  red  and  a  green  area  on  display- 
object  projected  by  an  extended  "point"  source,  S,  distant,  a,  from  the 
disolay-object  as  showrj  in  figure  n-3,  A  display-image  is  formed  by  this 
projection  system  on  a  screen  distant,  b,  from  the  display-object.  This 
display-image  will  consist  of  a  red  area  and  a  green  area  separated  by  an 
area  of  demarcation  which  will  be  a  combination  of  red  and  green  of  width, 

X.  The  edges  of  this  area  of  demarcation  will  subtend  an  angle,  «*,  in  space 
with  its  vertex  at  the  line  of  demarcation  on  Lhe  display-object  and  will 
subtend  an  angle,  In  space  with  its  vertex  at  the  eye  of  the<observer. 

The  angle,  <*,  subtended  by  X  at  the  display-object  is  equal  to  the  angle 
subtended  by  the  extended  source,  S,  at  the  same  point.  If  the  eye  of  the 
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observer  Is  placed  to  coincide  with  the  center  of  the  extended  source,  *> 

1:3,  the  following  relationships  hold,  (fn  practice,  the  eye  is  held  as 
close  to  the  point  source  as  possible, ) 


(64) 


tan  4“  *  WTFj 

If  a  is  small  compares,  to  b 
a  +  b  sr  b 

Then 

X  X 

■sfirnsy  * 

Substitute  tnis  in  (Ob)  and  then  (64)  and  (0b)  become 
tan  -rj—  ~  tan  -fir- 

And 

~  fl 


(0b) 


(60) 


(6*0 


(08) 


(0?) 
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Then 

,1  S 

tan  -g—  « 

From  trigonometry 

2  tan  'y~ 

tan  «.  _ _ _ £ - 

1  -  tan2  -|- 

But  l£  oC/2  Is  very  small  then  in  (71) 

1  -  tan2  - -  1  (72) 

u 

And  (71)  becomes 

2  tan  -Sr-  a  tan<<  (73) 

Then  from  (68),  (70)  and  (73) 

tanfl  a  tan**  «  —  (74) 

a 


(70) 


(71) 


It  can  easily  be  shown  that  forP  *  1°  (and°t  £  1°)  these  approx¬ 

imations  are  very  close.  While  the  eye  will  readily  distinguish  an  area 
of  demarcation  which  subtends  an  angle  (i  >  1°,  the  ability  of  the  eye 

to  dir' lngulsh  an  area  of  demarcation  falls  off  rapidly  as  the  angle  sub¬ 
tended,  (i  ,  falls  below  1°, 


* 
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Interaction  of  Diffracf.lon  and  Extended  Pouren  Effects 
a:*  Display-Object  Linn  Width  arid  Its  Distance 
from  the  Extended  .Source  Vary 


From  the  laws  of  diffraction 


sin  f  « 


(75) 


From  figure  HI  -  1 


tan 


oc  m  R 

TT  “2a 


(70) 


Whenf  is  very  small,  slnf  In  radians  and  (75)  becomes 


rw  -t 


(77) 


When‘S  Is  small,  2  tan<*/2  «  tan<*  s  c*  in  radians  and 
(76)  becomes 


S 

**  a 


If  J  ■  3  this  may  be  written 


e*.  cj 


(78) 


If  <*■  «>  f  in  radians  then  from  (77)  and  (7R) 


J 


a 


-152- 


N  A  VT  R.  A  HR  VO  HIM  163R  - 


Or 


a  » 


J2 

“5T 


Substitute  In  this  the  value  of  J  from  (77) 


APPENDIX  rv 

r  A  BULAT  ION  OF  POINT  SOURCE  LAMPS 


Name 

Make 

IZES 

Power  Watts 

Osram  HBO-107* 

Osram-German 

MV 

100  moot  eff. 

Osram  XBO-162 

Osram-German 

XV 

160 

Concentrated  Arc 
C-25W  (Zirconium) 

Sylvania 

CA 

•25 

Concentrated  Arc 

2W  (Zirconium) 

Sylvania 

CA 

2 

Concentrated  Arc 

DC  300W 
(Zirconium) 

Sylvania 

CA 

300 

A-25  Hafnium 

10W  Cathode 

Sylvania 

CA 

25 

A- 10  Hafnium 

Sylvania 

CA 

10 

Pointollte  SO  CP 

Biddle 

T 

20-ballast 

power 

Pointollte  100  Cl 

Biddle 

T 

60-ballast 

power 

Pointollte  150  CP 

Biddle 

T 

100 

NOTE:  XV 
MV 
CA 
T 
L 
D 


xenon  vapor 
mercury  vapor 
concentrated  arc 
tungsten 
length 
diameter 


*  The  Guram  IIBO-109  is  identical  to  the  Oorarn  IIBO-107  except 
that  IIBO-107  has  a  starting  electrode  and  HBO-109  does  not. 


NAVTRADEVCEN  1.080  -  1 
TABULATION  OF  POINT  SOURCE  LAMPS  (Cant'd) 
Table  of 


Name 

Brightness 
(cd/in2)  * 

Source  Distance 
from  envelope  (in.) 

Temp 

Osram  HBO-107 

020, 000 

.  225" 

Osram  XBO-102 

58, 000 

.  376 

Concentrated  Arc 
C-25W  (Zirconium) 

15, 000 

.453 

3200 

Concentrated  Arc 

2W  (Zirconium) 

40, 000 

.25 

3200 

Concentrated  Arc 

DC  300W  (Zirconium) 

23,800 

1-5/8 

3200 

A -25  Hafnium 

10W  Cathode 

81,000  Exp. 

.  453  in.  max. 

3300 

A- 10  Hafnium 

.  453  in.  max. 

3300 

Pointollte  30  CP 

4,450 

.03 

2700 

Pointolite  100  CP 

8,600 

1.20 

2700 

Pointollte  150  CP 

8,  700 

1.45 

2700 

*  Candles  per  square  inch 
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TABULATION  CF  POINT  SOURCE  LAMPS  (Cont'd) 

Table  Values 


Ovt 

)r-all 

Intensity  - 

Table  Arc 

Name 

Size  (in.) 

Candlos 

Dimension!*  (In.) 

Osram  HB  0-107 

L 

3.03 

150 

.0118  x  .0118 

D 

.  473 

Oorarn  XBO-162 

L 

5-7/8 

260 

L  .  069 

* 

D 

.7b 

W  .035 

Concentrated  Arc 

L 

3-11/18 

10.5 

D  . 0287 

C-25W  (Zirconium) 

D 

1-1/8 

Concentrated  Arc 

L 

2-1/18 

.  33 

• 

D  .003 

2W  (Zirconium) 

D 

9/16 

Concentrated  Arc 

L 

7-7/32 

250 

D  .  115 

DC  300W(Ziroonium) 

D 

3-1/4 

A -2  5  Hafnium 

L 

3-11/18 

9.  6 

•  0^)2  lamps 

10W 

D 

1-1/8 

.  008;  v 

A -10  Hafnium 

L 

3-11/16 

3.3 

.007) 

D 

1-1/8 

.  009)2  larnps 

Pointolite  30  CP 

T, 

2 

30 

.075 

D 

1.25 

Pointollte  100  CP 

L 

3 

100 

.  1 

Pointolite  150  CP 

L 

3 

150 

095 

I 
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TABULATION  of  POINT  SOURCE  LAMPS  (Cont'd) 


Name 

App.  Coverage 
Angle  of  Light 

Temp,  of 
lamp  (°C) 

ljamp  Pressure 
"Atmospheres" 

Osrarn  HBO-107 

240+ 

Bulb  400  (app.) 

35-70 

Osram  XBO-102 

3G0 

Concentrated  Arc 
C-25W  (Zirconium) 

160° 

Bulb  179 

Base  02. 7 

.  100- 

Concentrated  Arc 

2W  (Zirconium) 

90° 

Bulb  00 

Base  37.  7 

.003- 

Concentrated  Arc 

DC  300W  (Zirconium) 

150°+ 

Bulb  271 

Base  82. 2 

.43- 

A -25  Hafnium 

10W  Cathode 

150°+ 

Bulb  179 

Base  02. 7 

.  100- 

A- 10  Hafnium 

150°+ 

Bulb  179 

Base  02. 7 

.  160- 

Pointolite  30  CP 

240+ 

up  to  100 

.333- 

Pointolite  100  CP 

0 

240+ 

100 

.  333- 

Pointolite  150  CP 

240+ 

100 

.  333- 
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APPENDIX  V 


Negative  Meniscus  Lenses 


V-l  Introduction 

V-l,  1  This  appendix  presents  studies  of  the  effects  of  the  variables 
involved  in  the  design  of  a  lens  system  utilizing  the  negative  meniscus 
lens  on  the  requirements  of  the  ideal  point  source.  These  requirements 
discussed  in  Chapter  3  (paragraph  3. 2)  of  this  report  may  be  summarized 
as  follows: 

a)  Minimum  diameter 

b)  Maximum  luminous  intensity 

c)  Maximum  angle  of  light  output 

d)  Satisfactory  Spectral  Distribution 

e)  Minimum  envelope 

f )  Envelope  free  from  striations 

g)  Envelope  at  or  near  room  temperature 

h)  Safety 

1)  Maximum  life 
j )  Reasonable  cost 

V-l.  2  A  lens  having  the  centers  of  curvature  of  both  refracting  surfaces 
on  the  same  side  is  called  a  meniscus  lens.  When,  in  addition,  a  meniscus 
lens  is  thicker  at  the  periphery  than  at  the  center,  it  is  termed  negative. 

V-l.  3  A  negative  meniscus  lens  collects  diverging  rays  of  light  emitted 
by  a  finite  "point"  source  such  as  the  Osram  HBO-109  lamp.  If  the 
distances  between  the  center  of  the  lamp  and  the  centers  of  curvature  of 
the  lens  are  made  to  obey  requirements  derived  in  this  Appendix,  effective 
size  reduction  and  a  further  divergence  of  the  light  is  achieved.  Being  a 
negative  lens,  it  creates  a  virtual  image  of  the  point  source  (object). 

Using  this  Virtual  image  as  the  object  of  a  second  lens,  further  size 
reduction  can  be  obtained.  However,  each  successive  lens,  receives  only 
a  small  cone  of  the  luminous  flux  emitted  by  the  previous  lens  and  the 
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luminous  £  lux  transmitted  by  the  Ions  system  is  thereby  reduced, 

V-l.  4  The  variables  involved  in  the  design  of  such  a  lens  system 
arc:  the  optlcaL  glass  (Including  its  index  of  retraction),  the  radius  of 
the  lens,  surfaces,  the  minimum  lens  thickness  and  the  position  of  the 
"point"  source  (object)  with  ruspcct  to  the;  Ions. 

V-2  The  Aplanatic  Negative  Meniscus  Lions,  „ 

V-2. 1  Introduction  to  Theory 

V-2, 2  In  sections  V-2. 0  and  V-2. 7,  it  is  shown  that  if  a  point  source 
o?  light  serving  as  the  object  of  a  negative!  meniscus  lens  is  located  at 
a  distance  Ri  +  ng  Ri  from  tho  first  surface  of  the  lens  when  the  first 
surface  has  a  radius  of  curvature,  Ri,  and  tho  Ions  has  an  index  of 
refraction.  n2,  then  the  lens  will  form  a  virtuaL  image  of  the  point 
source  at  .  distance  Ri  +  (Rl/ns)  +  t  from  the  second  surface  of  the 
lens  when  the  second  surface  has  a  radius  of  curvature,  R2  -  R^  +  (Ring)  +  t 
(equations  83,  88,  90,  92  and  94).  It  is  further  shown  that  this  virtual 
image  io  smaller  than  the  real  point  source  object  by  a  factor  of  l/ng 
(equation  9d). 


lown  that  the  maximum 
)  (equation  104).  In 


V-2. 3  In  sections  V-2. 8  and  V-2. 9,  it  Is  qhou 
half -angle  of  light  output,  is  sin"1  (02  /fnjr  + 
addition,  it  is  shown  that,  neglecting  light  losses  in  the  lens  due  to 
reflection  and  absorption,  the  brightness  of  this  image,  B',  is  equal  to 
the  brightness  of  the  object,  B,  (equation  107)  and  the  luminous  Intensity 
of  this  Image,  I'f  is  less  than  that  of  the  object,  I,  by  a  factor  of 
+  1  -  1  /fnjT  +  1  -  n2  (equation  111). 


V-2. 4  In  section  V-2. 10,  aberrations  of  this  lens  are  discussed  and 
ids  shown  that  this  lens  is  aplanatic  (by  definition,  free  from  spherical 
aberration  and  coma). 


V-2.  5  In  section  V-2. 29,  the  parameters  of  a  specific  aplanatic 
negative  meniscus  lens  are  calculated  and,  in  section  V-2. 34,  the 
theoretical  and  experimental  characteristics  of  this  lens  are  examined 
with  particular  attention  to  their  relationship  to  requirements  for  the 
point  source  system. 
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V-/L  tj  Development  of  expressions  for  Uiu  object  distance  and  the 
’  "  image  distance 

Consider  that  rays  from  a  point  source  of  light  arc  incident 
on  a  negative  meniscus  lens  having  an  index  of  refraction,  no ,  and  a 
radius  of  curvature  of  the  first  surface,  ,  located  in  air  (n  ^  «  1) 
as  shown  in  figure  V-l.  Then  Snell's  Law  may  be  written 


iin  i^  =  np  sin  r^ 


Consider  triangle  ACD  In  figure  V-l;  by  the  law  of  sines 


sin  9\  _  sin  4 
R1  "  si  - 


Recalling  that,  by  convention,  0V  and  s^  are  positive  and  ij  and  Rj 
are  negative,  make  this  explicit  for  the  first  surface: 


sin  by  sin(-  lj)  -  sin  lj 
4t  1  s }  +  Rj  +  R^ 


(81a) 


Substitute  '80),  where  lj  -  -ij  and  r^  -  -r|,  in  (81a) 

sin  Q  -ng  sin  r^ 

-  R|  s  1  t-  Rj 


+  Rj  »  -R^ng 


S|  -  -(Rj  *■  Rjnp) 
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Substitute  this  in  (82) 

sin  ~n2  sltl  rl 

-  Rl  ~  &ln2 

sin  04*  -  sin  rj 

t),  *  -  (84) 


Consider  triangle  ABD  in  figure  V-l;  the  sum  of  the  angles  equals 
rr  radians: 


9i+  ii  -  ri  +tt  -  el  *TT  (8b) 

Recalling  that,  by  convention,  0t  and  £)[  are  positive  and  i^  and  r^  are 
negative,  make  this  explicit  for  the  first  surface  and  simplify: 

“  il  +  ri  -  0j  »  0  (8ba) 

Substitute  (84)  in  this 

*11 

sinOl  =  -sinij  (86) 

Consider  triangle  BCD  In  figure  V-l;  by  the  law  of  sines 
sin  sin  ri 

(87) 
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Recalling  that,  by  oonv -Lion,  c.\  is  positive  and  r^  ,  s^'  and  R^  are 
negative,  make  this  explicit  for  the  first  surface: 


i 

sin  U  t  -  sin  r  i 

. —  -  -  A  tat,  -| . ,  | 

-  %  -Si'  +  Hi 

Substitute  (86)  in  this: 


(87a) 


-  sin  ij_  -  sin  r^ 

~ T  *  -si1  +  % 


Substitute  (80)  in  this  and  simplify 


"n2  -1 

'  ■■  ■  m  —  i  wmmmmm 

-  Rx  -si'  +  Ri 

Solve  for  si' 

°i  -  Ri  +  m 

Consider  that  the  second  surface  of  this  lens  has  a  radius,  R2.  Then 
recalling  that,  by  convention,  anc*  are  positive  and  ir>  and  Rj> 
are  negative,  make  (81)  explicit  for  the  second  surface: 


-  sin  in 

O 

s2  +  h 

Solving  for 


sin  h  ^ 
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) 


-R,  * 


R.) 


win  i2 

oln&2 


m 


Select  the  radius  of  the  second  surface  so  that  the  angle  of  incidence, 
io ,  of  rays  incident  on  this  surface  from  the  point  image  formed  by 
the  first  surface  is  normal  to  the  surface: 


-(st'  +t)-  s2  (90) 

i2  -  0  (91) 


sin  i.,  *  0 

u 

Substitute  this  in  (89) 


V 


s2  “ 


(92) 


Recalling  that,  by  convention, 0  «/  is  positive  and  ro  ,  S2'  and  R£ 
are  negative,  make  (87)  explicit  ior  the  second  suriac.  .: 


sine2'  -sinr2 
~-^2  s2'  +  R2 


Solving  for  s2' 


s2* 


^2  "  ^2 


sin  r2 
sln^' 


(93) 


For  the  second  surface  Snell's  Law  may  be  written 

n2  sin  i2  -  sin  r2  (80a) 


) 
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But  from  (91),  sin  i2  -  0,  therefore! 


sin  r2  -  0 


Substitute  this  in  (93): 


so'  *  Rn 

*-J  Cm 


(94) 


V-2.7  Development  of  expressions  for  magnification. 


From  Abbe's  Sine  Condition,  the  magnification  of  the  object 
by  the  first  surface,  mi ,  is 


sint?] 

npTnyi' 


(95) 


Substitute  (84)  and  (80)  in  (95) 


mi 


i  sin  ri 
-n2  sin  li 


Substitute  (80)  in  this: 

1 

ml  *  n^"  (90) 


From  Abbe's  Sine  Condition,  the  magnification  of  the  object  of  the 
second  surface,  m2 ,  is 


m2 


n<;  sln(-p 

- T 

sin  Ho' 


0)7) 
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Make  (8b)  explicit  for  tho  second  surface  where  ig  «*■  0  and  r2  *  0: 

©2  +  T  “  0g!  *  tf 

b  2  *  &2' 

Substitute  this  in  (97) 


m2  -  n2  (98) 

The  lateral  magnllication  of  a  lens,  m.,  is  the  product  of  the 
magnifications  of  the  surfaces:  ^ 


-  m^  mg 


n2 


(99) 


By  definition,  the  longitudinal  magnification, 


rL,  Is 


rL 


(100) 


V-2, 8  Development  of  expressions  comparing  the  luminance  of  the 
image  with  that  of  the  object 


Under  optimufc  conditions  (no  light  losses  in  the  lens  from 
reflection  and  absorption),  the  luminous  flux  incident  on  the  lens,  F, 
is  all  transmitted  by  the  lens.  Then  the  luminous  flux  transmitted, 
F',  is  equal  to  F.  When  $  is  the  limiting  value  of  the  slope  angle,  0  , 
for  a  radius  of  aperture,  Rj_,  as  shown  in  figure  V-2,  Lambert's 
Cosine  Law  may  be  written 
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F  » 


(101) 


Integrate  thirs 


F  *  rr  BYisfc2^ 


V 

o 


Similarly  on  the  image  side 

F'»  rr  B'  Yr'  sin2/)' 


Where  Yj  and  YD  are  the  area  of  the  object  and  the  image  respectively, 
and  v  '  is  the  limiting  value  ofr '  when  /  is  tho  limiting  value  o£  G  . 


Since  F  -  F',  then 


BYj  sin^V  -  B'Y^cin2  /' 

B_  Yi1  sin2  0 1 
B1  "  Yj  sin2  / 


From  fiaure  V-X 


Hi 


jin  /  1 


Rl 


+  {r{a  4  R^/n.,2  til  +  1/no' 


(102) 


(102) 


(104) 


* 
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Divide  sin  <t'  by  sin#  : 


sin  C  1 

sin’# 


±4 


1  j. 


n2Ztl 


n2 


1  n2 


(10b) 


Also  from  figure  V-2,  the  area  of  the  object  of  radius  Y/2  is 
Y1.  tt(Y/2)2 


Similarly  the  area  of  the  image  of  radius  Y'/2  is 
Yi'm  rr  (Y'/2)2 


Therefore 


But,  by  definition,  ana  (90) 


m 


L" 


Y' 

T 


n2 


(106) 


Substitute  (106)  and  (I Ob)  in  (102): 


IV 


l 


(107) 
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V-2. 9  Development  of  expressions  comparing  the  luminous  intensity 
of  the  image  with  that  of  the  object. 

By  definition,  the  luminous  intensity,  I,  is  total  luminous  flux 
within  a  small  solid  angle,  w  ,  when  the  total  flux  radiated  is  F.  Since 
the  flux  radiated  by  the  Osram  HBO-1Q9  lamp  is  uniform  through  a 
very  wide  angle,  when  this  lamp  is  properly  oriented  relative  to  the 
negative  meniscus  lens, 


F  «  Iu 


(107) 


where u)  is  the  solid  angle  of  flux  in  steradians  incident  on  the  lens  as 
shown  in  figure  V-3.  to  equals  the  area  of  the  spherical  surface  £)FE 
divided  by  the  square  of  its  radius  3TT5 : 


2TTXY  2  IT  Y 

U)  *  — — -pp—  m  — — 

X"  X 

where 

X  -  7lC5"  -  l[R^~T7Rin2? 


(108) 


Y  m  -  x  -  Ring 


Similarly  the  luminous  intensity,  I',  of  the  lens  output  is 


F'  -  I'to1 


where  to  '  is  the  solid  angle  of  flux  In  steradians  transmitted  by  the  lens 
as  shown  in  figure  V-3.  '  equals  the  area  of  the  spherical  surface 

(jHj  divided  by  the  square  of  its  radius  ES: 

2TTX'Y'  2  IT  Y' 

^  “  ~~YT~  (100) 

+ 
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Figure  V  -  3  -  Diagram  of  Aplanatic  Meniscus  Lens  Showing  Light 
Input  and  Light  Output. 
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wilt!  re 

&•  -  S3  «  R2 
y  «  KH  .  Rg  -  Rg  cos  <P' 


Since  F  «  F  ’ ,  then 

r. 

I  Lj  *  I'  U>  ' 

Substitute  (108)  and  (109)  In  this  and  simplify 

i  :i22  *  ‘  -1 


(110) 


(111) 


V-2. 10  Evaluation  of  aberrations 
V-2. 11  Spherical  Aberration 

V-2. 12  From  a  geometric  point  source  on  the  optical  axis  consider 
that  some  ray  travels  along  a  path  extremely  close  to  the 
optical  axis  (paraxial)  and  that  some  other  ray  travels  along  a  path  at 

f * 

4* 
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a  considerably  larger  angle,  -  ,  to  fcho  optical  a/'t;.  After  being 
refracted,  these  rays  should  cross  the  optical  axis  at  the  same  point. 
However,  because  of  spherical  aberration,  the  ray  traveling  along  Hie 
path  at  angle  r  will  cross  the  optical  axis  before  or  after  the  paraxial 
ray  crosses.  Spherical  aberration  is  a  departure  from  the  ideal  lens 
condition  wherein  all  rays  from  a  geometric  point  object  on  the  optical 
axis  recombine  to  form  a  point  image  on  the  optical  axis.  Spherical 
aberration  present  in  a  given  lens  is  the  distance  measured  along  the 
optical  axis  between  the  intercept  of  a  ray  through  the  Ions  '/one  In 
question  and  the  intercept  of  the  paraxial  rays,  and  is  usually  expressed 
in  terms  of  plus  or  minus  percont  of  the  focal  length. 

V-2, 13  Usually  spherical  aberration  cannot  be  eliminated  from  a 
single  lens.  However,  by  combining  two  lenses  having 
spherical  aberrations  equal  in  amount  but  opposite  in  sigu,  it  is  possible 
to  eliminate  spherical  aberration  from  a  lens  system, 

V-2, 14  Note  that  for  the  negative  meniscus  lens  under  discussion,  the 
object  distance  and  the  image  distance  (equations  83,  88,  92 
and  94)  are  independent  of  t.  This  verifies  that  this  negative  meniscus 
lens  is  free  from  spherical  aberration  when  the  object  distance  is 
established  according  to  (83)  and  the  radius  of  the  second  surface  is 
established  according  to  (85)  and  (80). 

V-2. 15  Coma 

V-2. 18  The  aberration  known  as  coma  affects  rays  from  points  not  on 
the  optical  ux.s  of  a  lens.  II  is  similar  to  sphericaL  aberration 
in  that  both  arise  from  the  failure  of  a  lens  to  Image  paraxial  rays  and 
rays  through  outer  /.ones  at  the  same  point.  Coma  differs  from  spherical 
aberration,  however,  in  that  a  point  object  is  imaged  not  as  a  circle  but 
as  a  comet-shaped  figure. 

V-2. 17  Consider  again  the  rays  discussed  in  paragraph  V-2.  12.  The 
condition  for  absence  of  coma  is  that  the  ratio  slnG^/  sin6  2' 
remain  constant.  Note  that  this  ratio  for  the  negative  meniscus  lens 
under  discussion  Is  l/tu,  (equation  (105),  a  constant.  Therefore,  this 
negative  meniscus  lens  is  fret;  from  coma.  Indeed,  it  is  aplanatic  as 
defined. 

V-2.  18  Chromatic  aberration 

V-2,  19  The  refractive  index  of  all  optical  materials  Increases  with 

the  frequency  of  light.  The  displacement  of  an  image  along  the 
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axis  due  to  change  in  wavelength,  is  called  axial  or  longitudinal 
chromatism,  The  variation  in  the  size  of  the  image  is  called  lateral 
or  oblique  chromatism.  When  any  lens  is  corrected  for  axial 
chromatic  aberration,  generally  all  that  can  be  done  is  to  make  the 
Lens  have  the  same  axial  intercepts  for  two  wavelengths,  usually  those 
of  the  C  and  F  lines  of  hydrogen.  In  this  case  the  other  wavelengths 
will  still  focus  in  other  planes,  giving  rise  to  a  residual  aberration 
known  as  secondary  spectrum.  One  way  to  determine  chromatic 
aberration  is  to  obtain  focal  lengths  of  different  wavelengths  and  use 
certain  theoretical  relationships.  The  method  is  very  tedious  and 
requires  ray  tracing, 

V-2. 20  Chromatic  aberrations  of  a  single  lens  can  never  be  eliminated; 

however,  they  can  be  compensated  for  with  the  proper  combin¬ 
ation  of  different  lens  elements, 

V-2, 21  For  the  negative  meniscus  lens  under  discussion  ail  the 

aberrations,  with  the  exception  of  chromatic,  are  negligible 
since  the  object,  as  well  as  the  image,  are  essentially  point  size  (the 
smaller  the  object  the  less  is  the  amount  of  aberrations).  Chromatic 
aberrations  of  this  lens  is  the  limiting  factor  on  the  size  of  the  virtual 
point  source,  assuming  perfect  lens  curvatures.  Diminishing  the 
virtual  point  source  further  than  .  002"  can  affect  the  projected  image 
by  resulting  in  projections  from  two  extremes  of  the  color  spectrum, 
thus  creating  a  double  image. 

V-2. 22  Astigmatism 

V-2. 23  A  pencil  of  rays  that  fails  to  unite  at  a  single  Image  point 
after  refraction  is  said  to  be  astigmatic  and  the  system  is 
said  to  be  affected  with  astigmatism.  Although  spherical  aberration 
and  coma  are  forms  of  astigmatism,  the  term  is  usually  restricted  to 
the  aberration  peculiar  to  the  rays  from  point  objects  lying  at  a 
considerable  distance  from  the  axis. 

i 

V-2. 24  Astigmatism  and  the  subsequent  curvature  of  field  effect  are 
negligible  since  the  object  and  image  under  consideration  are 
essentially  point  size  and  lie  on  or  close  to  the  optical  axis, 

V-2. 2b  Distortion 
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V-2, 28  Deformation  of  the  image,  which  l: :  known  by  the  descriptive 
term,  "distortion",  is-  caused  by  a  variation  in  the  magnifi¬ 
cation  with  the  distance  from  the  optical,  axis.  If  the  magnification 
increases-  with  this  distance,  the  distortion  is;  considered  positive,  if 
magnification  doorcases  as  this  distance  Increases,  distortion  is 
negative.  From  tho  shape  of  the  image;  of  a  square  object,  the  two 
typos  of  distortion  are  sometimes  called  pin  cushion  distortion  (positive) 
and  barrel  distortion  (negative), 

V-2, 27  The  conditions  for  distortionless  imagery  are: 

a)  the  ratio  tan 0  g' /  tan*- 1  must  be  constant  for  all 
values  of  kr  i* 

b)  tho  system  must  bo  corrected  for  spherics l 
aberrations. 

V-2.  88  In  paragraph  V-2.  17  it.  was  established  that  for  this  negative 
rrioniscus  lens  sin ^i/s-inf’^' equals  1/rir),  a  constant 
(equation  105).  It  is  easily  soon  then  that  unless  ~  {  equals  -  the 
ratio  of  their  tangents  is  not  constant.  Hence,  this  lens  is  not  free 
from  distortion.  However,  since  the  object  (the  point  source)  is  very 
small  and  is  located  on  tho  optical  axis,  t he  distance  from  the  optical 
axis  to  the  most  remote  element  of  the  object  is  very  small  and  the 
effects  of  distortion  are  negligible. 

V-2. ?/,)  Theoretical  calculations  for  an  experimental  Ions. 

V-2.  20  Since  reduction  of  the  source  diameter  by  an  uplunatle  negative 
meniscus  lens  is  inversely  proportional  to  the  index  of 
refraction  of  the  ions  material  (equation  VJU),  a  material  with  an  Index  of 
1.88  was  selected  (for  discussion  of  this  material  see  paragraph  V-'l.  1), 
In  order  t.o  obtain  a  small  envelope  about  Hie  virtual  source  formed  by 
the  Ions,  small  tens  radii  must  be  used.  A  convenient  first  surface 
radius  of  ,  125"  was  selected. 


V-2,  31  The  parameters,  of  such  a  lens,  are  calculated  as  follows: 
Given: 


*  **.  125 

no  *  1. 88 
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The  object  dictation  from  equation  (M3)  is 
is  ^  -(Rg  I-  *  .300 

The  imago  distance  of  thn  first  surface  from  equation  (88)  is 
«  R1  +  Rg/tig  -  1U16 

If  a  convenient  minimum  lens  thickness,  t,  is-.  002b,  then  from 
equations  (00)  and  (08),  the  radius  of  the  second  surface  is 

s2  -  -(bj*  +  t)  -  "  '>AM0 


The  imago  distance  of  the  second  surface  (and  of  the  lens),  from 
equation  (04),  is 


Rjj  -  !ii)40 


The  magnification  from  equation  (09)  is 


tnL  »  1  /n2  ■  .  1)8 


The  exit  half-angle  from  equation  (104)  Is 


r 


(31u  DO' 


Then  the  total  angle  of  light  output  is 
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V-8.  88  The  total  Luminous  intensity,  I,  of  an  Ourarn  I1BO-1O0  Lamp 
is  350  lumens  per  stcradiun  (totaL  Luminous  flux  equuLs  LibO 
Lumens  par  steradian  x  4r  steradians  -  4, 400  Lumens)  with  a  source 
diameter  of  ,  015".  Consider  that  this  source  is.  placed  to  servo  as 
object  of  this  lens;  then  the  solid  angle  of  flux,tu  ,  incident  on  the  first 
surface  of  the  Lens,  from  equation  (108)  is 


no  - 


2n  XY 
X2 


2fTY 

X 


*  .  780  ste radians 


where 


X  .  jRj2  +  (R^)2  -  .800 

Y  -  X  -  Rtn?j  -  .031 


The  total  flux  input  at  the  Lens  is 


F 


3hH  lumen;! 


Assuming  no  losses  In  the  lens  the  total  flux  output  of  the  lens  is 


F  -  lumens 


The  solid  angP  of  output  of  the  lens,  from  (100),  Is 
8rrX'Y'  'AtfT 


X' 


X' 


3.  33  sleradians 


where 


Rj,  -  .264 
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Y1  »  Rr,  -  R0COS9J'  =  .  13b 
The  Luminous  Intensity  of  output  is 

p  »  JL  •  77. 3  candles 

CO 1 

This  can  be  verified  with  equation  (111). 

The  diameter  of  the  virtual  source  formed  by  the  lens  is 

(.016)(.B3)  -  .008" 


V-2,  33  Actual  measurements  made  with  a  lens  of  this  design  agree 

well  with  the  calculated  values,  except  that  luminous  intensity 
was  approximately  20-25%  lower  than  actual  because  of  losses  in  the 
Ions  system  by  reflection  and  absorption. 

V-3.  34  Evaluation  of  the  aplanatie  negative  meniscus  lens  relative 
to  ideal  point  source  requirements. 

V-2.  3b  Theoretical  calculations  and  experiments  both  prove  that  as 
the  si  ice  of  the  source  is  optically  reduced,  the  luminous 
intensity  is  also  reduced.  Hence,  it  can  be  seen  that  two  major  require¬ 
ments  of  the  ideal  point  source,  minimum  diameter  with  maximum 
luminous  intensity,  are  inherently  contradictory.  In  any  particular 
instance,  it  is  necessary  to  compromise  these  characteristics  to  achieve; 
a  satisfactory  result.  The  siv.e  reduction  achieved  by  the  aplanatie 
negative  meniscus  lens  is  Inversely  proportional  to  the  index  of  refraction 
of  the  lens  material  (equation  y9).  Therefore,  in  order  to  achieve  a  large 
si/.o  reduction,  the  lens  material  selected  must  have  a  high  index  of 
refraction.  The  luminance  of  the  virtual  image  formed  by  the  aplanatie 
negative  meniscus  lens  is,  under  optimum  conditions,  equal  to  the  luminance 
of  the  object  (point  source  lamp)  of  the  lens  (equation  107).  Since,  by 
definition,  luminance  is  the  luminous  intensity  per  unit  of  projected  area, 
it  can  be  seen  that  wh-u  the  sb*.o  of  Tie  point  source  object  of  the  lens  is 
reduced  the  luminous  intensity  is  also  reduced. 
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V-2,  30  Theoretical  and  < 'xporimenlully  determined  re  lull  one  hips 
™~  between  luminous  intensity  arid  source  diameter  are  plotlod 

in  figure  IIi-0  in  Chapter  3.  The  experimental  data  war  obtained 
using  the  Osram  iIDO-l()ld  lamp  as  a  source  and  a  Inna  train  conn  loti  tig 
of  .spherical  condenser:;,  a  microscope  objective,  and  the  experimental 
aplariatic  negative  meniscus  lens  discussed  above  (paragraphs  V-2. 20 
to  V-2.  3d).  Data  for  the  theoretical  curve  was.  computed  from  the 
maximum  light  available  from  the  Os  ram  HBO-lOU  lamp,  Note  that  the 
theoretical  luminous  intensity  of  a  given  source  diameter  Is  always 
higher  (by  approximately  30%)  than  the  luminous  intensity  actually 
produced  by  the  lens  train.  This  is  explained  by  the  fact  that  there  is 
approximately  20-20%  loss  in  the  optical  system  by  reflection  and 
absorption  in  the  lenses. 

V-2.  37  By  using  two  identical  meniscus  lenses  it  is  possible  to  further 
reduce  Lho  six, a  of  the  actual  point  source,  (figure  V-4). 

However,  this  technique  decreases  the  light  output  efficiency  40-00%. 

The  virtual  image  of  the  first  lens  serves  as  the  object  of  lho  second 
lens.  For  technical  reasons  as  vel  l  as  for  economy  the  same  lens 
material  and  design  was  used  for  both  lenses.  Figure  V-b  shows  the 
variation  In  luminous  intensity  and  in  source  diameter  for  single  and 
double  meniscus  lens  systems  when  distance  between  the  real  source 
lamp  and  the  first  lens  is  varied.  In  the  event  that  the  use  of  different 
glasses  and  different  internal  radii  is  desired  when  compounding  meniscus 
lenses,  changes  In  the  performance  of  the  Ions  system  must  be  anticipated. 

V-2.  3H  The  double  meniscus  lens  system  has.  a  distinct  effect  on  the 
resolution  of  the  display-image.  Figure  V-6  shows  the 
improvement  obtained  by  compounding  there  lenses.  However,  it.  Is 
Important  to  note  that  this  Improvement,  occurs  at  point  source  to 
display -object  distances  less  than  1. 4".  At  point  source  Lo  display -object 
distances,  greater  than  1.4",  diffraction  effects  come  into  play  and  the 
double  meniscus  lens  system  is  inferior  in  resolution  to  the  single  lens 
system. 


Angles  of  light  output  on  th.  order  of  1R0°  t.o  200°  are  desired. 
For  th"  apinnatlc  negative  meniscus  Ions  the  angle  of  light 


output  is  a  function  of  the  index  of  refraction  of  the  lens  material  (equation 


104).  The  form  of  this  relationship  is  such  that  for  an  index  of  refraction 
of  2,  the  angle  of  light  output  is  l,U>°.  Since'  existing  lens  m.. Trials  have 
indexes  less,  than  2,  the  angle  of  light  output  actually  achieved  is-  less  than 
120°.  The  .angle  of  iighl  output  ran  be  ine reused  by  deviating  from  the 


aplanalie  meniscus  hais  rendition  as  diseu 


;ed  in  paragraph  V-3, 


J 
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-Aplanatlc  Object  Distance 
o!  Lenses  Used 


Real  Source:  Osram  HBO"109  Lamp  (110  W) 
Apparatus:  Weston  Light  Meter  No.  1240 
Projection  Room  Condition:  Lighttight 


Diameter 


Source  Diameter 
Single  Lens 


Double  Lena  -- 


•Luminous  Intensity  -  Double  Lens 
^/-Luminous  Intensity  -  Single  Lens 
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Distance  From  Source  to  First  Lens  -  Inches 

Figure  V  -  6  -  Variation  in  Source  Diameter  and  Luminous 

Intensity  With  Real  Source  to  First  Lens  Distance 
For  Single  and  Double  Meniscus  Lens  Systems. 
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Source:  Osram  HBO-lOy  Lamp 
Experimental  Lens  Specifications: 

R}  ■  .  125  inches 
t  *  ,0625  Inches 
Rg  "  R|  +  Rj  /  n  g  +  t 

ng  -  1.88 

Two  Lenses  Required 
Arrangement  With  Double  Lenses: 

Second  Lens  Touching  First 
Resolution  Chart:  Curley  Precision 
High  Contrast  Resolution  Chart 
No.  8000-P 

Evaluation  Method  :  Visual-recording 
the  Clarity  Between  Opaque  Lines 
Screen  Distance:  60  inches 


Single  Lens 


V" 


Double  Lens 


“i  i  4  - 1  r  '~7  § 

Source  to  Display-Object  Distance  -  Inches 


Figure  V -6  -  Effect  of  Source  to  Display -Object  Distance 
on  Resolution  for  Single  and  Double  Meniscus 

Lens  Systems. 
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Another  technique  tor  inert  racing  thn  angle  of  light  output  of  the  aplunutlo 
negative  meniscus  l” ns;  ir  to  apply  a  reflective  coating  to  the  back  pLuno 
of  ilu'  Ions  (figure  V-4).  This  technique  relies  on  the  fact  that  when 
properly  designed  a  reflective  back  surface  of  a  meniscus  lens  will  create 
u  virtual  image  of  the  object  (the  actual  point  source)  which  will  be  very 
near  the  virtual  Image  created  through  refraction  by  the  Ions,  The 
reflected  rays  then  appear  to  originate  from  the  same  point  as  the 
refracted  rays.  In  addition,  by  properLy  crowning  the  back  plane  of  the 
meniscus  lens,  it  is  possible  to  join  the  reflected  rays  at  the  periphery 
of  the  refracted  rays.  The  final  light  output  from  such  a  lens  is  an 
uninterrupted  portion  of  a  sphere  exceeding  180°.  Of  course  the  virtual 
source  of  the  reflected  "ays  is  not  demagnlfied  as  is  the  virtual  source 
of  the  refracted  rays.  Therefore,  the  display-image  produced  by  the 
reflected  rays  will  be  inferior  in  quality  to  that  produced  by  the  refracted 
rays.  In  some  training  tasks  this  condition  is  acceptable  and  the  absence 
of  peripheral  vision  Is  more  harmful.  Brightness,  of  the  reflected  ray 
will  equal  the  brightness  of  the  refracted  rays  If  the  area  of  the  reflected 
ring  equals  the  area  calculated  from  the  internal  radius  of  the  meniscus 
lens.  Where  the  areas  are  not  equal  illumination  on  the  screen  will  vary 
sharply  between  the  reflective  and  refracted  light  rays.  Since,  as  Nie 
radii  of  the  lens  is  made  smaller  the  area  of  the  reflective  surface  doc  Unas 
faster  than  the  area  calculated  from  the  Internal  radius  of  tilt!  meniscus 
lens,  there  is  a  practical  limit  as  to  how  small  the  meniscus  lens  may  be 
made  when  using  this  technique. 


V-2,  40  The  point  source  envelope  Is  important  to  the  extent  that  It  limits 
the  closeness  to  which  the  source  may  approach  the  dlspLay- 
object.  With  the'  aplanatlc  negative  meniscus  lens  system,  the  projection 
source  Is  the  virtual  image  of  the  Osram  HBO-109  lamp  produced  by  the 
lens.  The  point  source  envelope  is  then  the  image  distance  of  the  lens 
and  the  image  distance  of  this  lens  is  equal  to  the  radius  of  its  second 
surface  (equation  92).  This  !,n  turn  is  limited  only  by  the  internal  radius 
of  the  meniscus  lens,  the  minimum  practicable  Ions  thickness,  and  the 
ability  of  very  small  lenses  to  transmit  sufficient  light. 


V-2.41  Temperature  of  the  meniscus  lens,  the  effective  point  source 
envelope  of  tills  system,  can  be  controlled  and  hold  to  room 
temperature  provided  the  point  source  lamp  can  be  kept  sufficiently  far 
from  the  lens  to  prevent  excessive  heat  transfer. 
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V-3.  1  Introduction  to  theory 


V-3.  2  In  tho  previous  sections  of  this  appendix,  it  was  shown  lliat 

to  achieve  aplanatic  conditions  with  a  negative  meniscus  lens, 
a  specific  relationship  between  tho  object,  distance  and  the  radius  of  the 
first  surface  must  be  maintained,  in  particular,  tho  object  distance 
must  bo  equal  to  the  radius  of  tho  first  surface  multiplied  by  the  sum 
of  one  plus  the  Index  of  refraction  of  tho  lens  material,  in  addition, 
the  curvature  of  tho  second  surface  must  be  centered  at  the  image  formed 
by  the  first  surfae  ■.  In  the  following  sections  two  lens  types,  a  plano¬ 
concave  and  a  non-aplanatic  negative  meniscus  Lens,  an?  evaluated.  In 
paragraphs  V~3.  14  and  V-3. 23,  tho  capabilities  of  these  lenses  as 
related  to  point  source  requirements  art:  discussed. 


V-3.  3  Tho  plano-concave  lens 

V-3,  4  One  weakness  of  tho  aplanatic  negative  meniscus  Lens  is  Its 
limited  angle  of  output.  Analysis  of  this  lens  reveals  that 
the  angle  of  light  output  will  be  increased  if  tho  second  surface  of  the 
Lens  is  designed  to  further  diverge  the  output  of  the  first  surface.  If 
the  second  surface  Is  a  plane  of  sufficient  extent  to  receive  the  output 
of  the  first  surface  until  the  angle  of  incidence  of  the  rays  striking  the 
second  surface  equal  or  exceed  the  critical  ungle  (total  reflection),  the 
angle  of  output  will  be  100°,  In  addition,  through  tho  use  of  a  plane' 
surface,  economy  of  manufacture  is  obtained. 


7-3.  5  A  theoretical  analysis  of  such  a  plano-concave  lens  Is  made 
in  paragraph  V-3. 8,  This  analysis  reveals  that  if  a  point 
source  of  light  serving  as  the  object  of  a  plano-concave  lens  is.  located 
at  a  distance  Rj  *  n2Rj  from  the  concave  first  surface  when  this  surface 
has  a  radius  of  curvature,  R| ,  and  tho  lens  has  an  index  of  refraction, 
n^,  then  tho  lens  will  form  a  virtuuL  image  of  the  point  source  for  each 
Infinitesimal  area  of  the  second  surface.  The  virtual  image  serving  as 


a  source  for  rays  emerging  from  The  lens  at  angle  Uy  will  tie  distant 
so1-  -(sr>  cos  (j 2*)  /  from  the  plane  surface,  (equation 


120)  It  is  further  shown  that  these  virtual  Images  are  smaller  than  llu 
real  point  source  object  by  a  factor  of  1/n..^*  (equation  1 10). 
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V-8,  0  In  paragraph  JO  it  Is?  shown  Dial  Lhic?  lent;  in  aplauatic 
and  that  aside  from  chromatism  olh^r  aberrations  effects 
;  ro  negligible. 


V-3,  7  In  para, graphr.  V-8.U  and  V-8.  M  Die  theoretical  and  experimental 
characteristics  of  thin  lon»3  are  discussed. 


V-3. 8  Development  of  expressions  for  object  ditslanco  and  image 
distance  and  for  lateral  magnification 

Consider  in  figure  V-7  that  rays  from  a  point  source  of  light  are  Incident 
on  a  plano-concave  Ions  having  an  index  of  refraction,  n<; ,  and  a  radius 
of  curvature  of  the  first  surface,  R.  ,  located  in  air  (n^  -  1).  If  the 
point  source  object  Is  located  at  a  distance  of  Rj  +  from  the  first 
surface  then  the  following  equations  love  loped  in  paragraphs  V-2.  6  and 
V-2. 7  apply  to  the  first  surface: 


f'l  -  -0*1  +  K^) 

(83) 

Rl 

si’  -  Rl  *  n£ 

(88) 

l 

rni  *  ““ 2 

(96) 

If  the  second  surface  is  a  plane  located  to  obtain  a  co¬ 
lons  thickness,  t,  then  the  image  formed  by  the  D  rs.  , 
the  ob.l  ;cl  of  the  second  surface: 

'vonient  minimum 
••urfaco  serves  as 

’’2  *  -(’"l'  +t) 

(112) 

Gnoll'c  Law  may  be  written  for  th'>  second  surface: 

\\y  sin  I.,  *  sin  rg 

(80a) 

-l 

t 


v-* 
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From  Abbe's  Ml  no  Condition,  the  magnif  lent  ion  of  the;  object  of  tlv.  • 
second  surface,  mg ,  is 

t 

1 

n2  sin  6  2 
*  sinfc-'g 

(97) 

From  the  geometry  of  figure  V-7,  specific  for  the  second  surface 

j 

&2  “  l2 

(113) 

&2*  *  r2 

(1M) 

Therefore  (80a)  may  be  written 

1 

) 

1 

1 

1 

n2  sin  6  2  _  1 

sinfcig' 

1 

i 

1  ' 

Substitute  this  in  (97)  above 

1  1 

f 

n2  sin  02 

ni2"  sin0  2'  ’  1 

(11b) 

• 

The  lateral  magnification  of  this  lens,  mL,  Is  the  product  of  the  magni¬ 
fications  of  the  surfaces: 

• 

171 L  "  mlm2  ‘ 

Tip 

(110) 

<> 

*  i 

I 

I 

1 

j 
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Front  fhj urr;  V-7,  specific  for  the  second  surface 


13  111  o'  9  —  1  TWB'iMai1  .a.T,r*‘  . 

^  or? 


Solve  this  for  X 


x  »  s8J?nJ  2 
“fl  -  sin^cTg 


Substitute  in  thin  the  value  of  sin6g  from  (115) 

X  c  s2 

ig^  -  sin^fr  g' 

Also  from  figure  V-7,  specific  for  the  second  surface 


jin  G  u 


Solve  this  for  X 


f(-82')2  +  XS 


-Sg'  sin ©2' 

X  jl  -  sin2 

Substitute  in  thin  the  value  of  X  from  (118) 
ug  uin0  g'  -sg*  sinUg' 


(117) 


(118) 


(HW) 


-  1H0- 
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Solve  this  for  sg1  and  substitute  the  trigonometric  identity 
cos2c2'  *  1  -  sln2~2' 


S«j 


t 


ss 


sS  C0Sr2l 
^K22  -  Sin2- 2' 


If  the  value  for  X  from  (117)  is  substituted  in  (119) 

S2  3^0  2  _  -s2!  slnOg1 

fl  -  sin2  J 2  /^l'-  sin2©  2' 

and  if  this  is  solved  for  s2' 

s2  sin  6  2  l/l  -  sirfid  2' 

2  ^-sh^fr”2  |sinD2'j 

Remembering  the  trigonometric  Identities 

1  -  sin2  Y  -  cos2  Y 

sin  Y/cos  Y  *  tan  Y 

(121)  becomes 

,  ,  ..  tun  6  <1 

!■»  =  -  !’o  - £i 

tan^g' 


t 

(120) 


(121)  % 


(122) 


I 
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V-3, 9  Note  in  (130)  that  a s  c  9'  approached  0,  s9’  approaches 

-so/n2  and  that  as  -  g1  approaches  90°,  sh1  approaches  0. 

Now  expression  (122)  means  that  for  each  value  of  the  slope  angle  of 
the  incident  rays  there  is  a  corresponding  and  unique  value  of  the 
slope  angle  of  the  refracted  rays  -g1.  These  refracted  rays  will 
appear  to  originate  from  a  point  source  at  a  unique  point  distant  Sn1 
from  the  second  surface  when  the  object  ol'  the  second  surface  is  tne 
virtual  image  of  the  point  source  formed  by  the  first  surface  at  distance 
«2  from  the  second  surface.  Expression  (120)  shows  that  distance  so1 
is  indeed  unique  for  each  value  of  “  o'.  Physically,  this  means  that  title 
rays  emerging  rrorn  this  lens  at  each  value  of  r  o'  originate  from  a 
different  virtual  point  source  and  the  luminous  intensity  of  any  one  of 
these  virtual  point  sources  will  be  determined  by  the  luminous  flux 
incident  on  that  portion  of  the  second  surface  which  forms  it. 


V-3. 10  Evaluation  of  aberrations  for  the  plano-concave  lens 


V-3, 11  Recalling  from  V-2. 12  the  requirements  for  freedom  from 
““  spherical  aberration,  it  can  be  seen  that  the  first  surface  of 

the  plano-concave  lens  is  free  from  spherical  aberration.  Because  the 
second  surface  is  a  plane,  it  too  is  free  from  spherical  aberration. 


V-3. 12  It  can  easily  be  shown  from  equations  (95),  (90)  and  (115) 
that  the  condition  for  freedom  from  coma,  namely, 
sin  f-j/ sinfc  2'  constant  for  all  values  of  fcr  ^  is  also  maintained. 
Therefore  this  lens  is  also  aplanatic. 


V-3.  13  Chromatism  is  similar  to  that  discussed  in  paragraph  V-2. 18 
above.  The  effects  of  other  aberrations  are  negligible  since 
the  object  of  the  lens  in  this  problem  is  essentially  a  point  and  lies  on  or 
very  near  the  optical  axis. 

V-3. 14  Experimental  evaluations  of  a  plano-concave  lens. 


V-3. 15  Experimental  evaluation  of  a  plano-concave  lens  like  that 

discussed  above  shows  that  the  light  output  in  any  direction &%' 
follows  closely  the  cosine  of  bg'*  Hence,  though  a  180°  angle  of  output 
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Ik  theoretically  possibLe,  the  light  output  near  the  ei.lge;i  of  this  h-'misphun 
in  extremely  low. 


V-3. 10  As  explained  in  paragraph  V-3. 9,  this  lems  does  not  form  the 
virtual  image  of  the  point  source  at  one  particular  point  for 
the  entire  output  cone  of  light;  on  the  contrary,  rays,  at  each  Individual 
slope  angle  f  %  form  a  virtual  source  of  the  initial  object.  However,  each 
of  these  sources  radiate  in  only  one  direction,  the  direction  -<>'  corres¬ 
ponding  to  -  g  in  (122).  Therefore,  the  effective  point  source  used  for 
projection  consists  of  a  unique  source  for  each  direction  of  projection 


V-3. 17  The  non-aplanatic  negative  meniscus  ions 


V-3. 18  As  noted,  the  anglo  of  light  output  of  an  aplanatie  negative 
meniscus  lens  is  a  function  of  the  index  of  refraction  of  the 
lens  material  and  is  independent  of  the  lens  dimensions  (equation  104). 
This  is  also  the  case  with  magnification  (equation  00).  However,  the 
angle  of  light  output  and  the  magnification  can  be  changed  if  the  point 
source  object  of  the  lens  is  shifted  from  the  aplanatie  point  where 
Sj  *  -R|  (1  i  ny). 


V-3. 19  In  paragraph  V-3. 22  it  is  shown  that  the  image  distance  s?j' 
varies  with  the  object  distance  Sj  in  accordance  with  the 
following  expressions: 


Ri 


1  -♦  tan  sin' 


■i  _L  *  R] 


W(s  L  *  [if  f  R* 


(120) 


H2  ■  -(s^1  +  t) 


(90) 


s2*  * 


(04a) 


In  (120)  as  s  j  increase; 
point  source  object  is  : 


s  s,'  increases  but  at  a  slower  rate.  Thus  as.  the 
’.hilled  away  from  the  aplanatie  object  point,  the 
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image  is  shifted  away  from  iho  apLanatic  Imago  point,  in  Lho  :;amo  direction. 


V-.'t,  20  In  paragraph  V-8.  22  il  in  shown  that  tho  magnification  by  thin 
lorn?  in  n^(Rj  -  sj')  /  Rj  ?  Si  (equation  120).  From  this  it  is 
evident  that  as  s>|  increases  Lho  magnification  decreases  and  therefore 
the  amount  o£  reduction  increases. 


y-3, 21  In  paragraph  V-3.23  tho  theoretical  and  experimental  character¬ 
istics  of  this  lens  are  discussed. 


V-3. 22  Development  of  expressions  for  object  distance,  imago  distance 
and  magnification  for  the  non-aplanatic  negative  monism  3  lens. 

Consider  in  figure  V-8  the  ray  ATT  from  the  point  object  to  the  extreme 
edge  of  the  first  surface  of  a  negative  meniscus  lens.  If  the  lens  is  in  air 
and  has  an  index  of  refraction,  n^,  Snell's  Law  may  be  written 


sin  i^  »  n<4  sin  rj 


From  figure  V-8  for  ray  TfM 


sin 


Sj  -  Rj 

pi  - 


(80) 


Recalling  that,  by  convention,  R^  and  i-^  are  negative,  make  this  explicit 
for  the  first,  surface 


(123) 


- !  i>3~ 
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Substitute  this  in  (80) 


sin  r 


1  no  1 


Si  +  Rj 


2  \pi  +  fyr  +  RfJ j 


(124) 


From  figure  V-8 


tan  ri 


s  i 1  -  Ri 


Recalling  that,  by  convention,  rj,  s^1  and  Rj  are  negative,  make  this 
explicit  for  the  first  surface: 


tan  ri  -  l5l'  *  ,Rl 
-R1 


(125) 


Solve  for  s  ^ 1 


si*  -  Ri  (1  -  tan  rj) 


(125a) 


Substitute  (124)  in  this 


i  1  /  s i  +  Ri 

s/  m  Ri  1  +  tan  sin" 1  .  *  a  t 

11  n2  fSl  +  Rj)2  +  rP 


(126) 


Select  the  radius  of  the  second  surface,  R2 ,  in  the  same  manner  as  is 
done  for  the  aplanatic  negative  meniscus  lens: 


s2  -  -(sp  +  t)  -  -Rg 


(90)(92) 


Sr,;  -  Rg 


- 105- 


NAVTRA  DKVCEN  I  (YAH  -  I 


From  Abbe1:;;  Sine  Condition,  the  magnification  of  the  object  by  the 
first  surface,  mj_  ,  is 


mi 


uin  5  [ 
ng  aln  9 


(Ub) 


Recall  that  (81a)  and  (87a)  apply  to  any  negative  meniscus  ions: 


slnfrl.-JiL  sin  i  t 

sj  +  R.j 

Rl 

sin  "  Ti'—t'  sin^ 


Divide  (81b)  by  (87b) 

R<  -  :;i'\  sin  i[ 

-i -  - 

Mj  +  R \J  sin 


Substitute  sin  i j /  sin  rj  from  (80)  in  this: 

rink  i  R.  -  Mj' 

■  *  np 

sin  (■;  | 1  Mj  »  Rj  6 


Substitute  this,  in  (Ub) 


rn 


R1  -  r-r 

R|  t  •" j 


(81b) 


(87b) 


(W) 
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For  the  second  surface,  (UH)  applies 


m2  "  n2 


(»H) 


Therefore  the  lateral  magnification  of  this  Ions,  mj(,  is 


m  ^  m  irt]  mn 


-si 

R>i  +  s  ^ 


(129) 


Remember  that  t-F  = 


eg1 1  substitute  (12V)  in  (129) 


m 


L  * 


sin  b  i 
sinr  y' 


(12Ua) 


V-ii,  23  Experimental  evaluation  of  the  non-uplanatle  negative 
meniscus  lens. 

A  non-aplanatic  negative  meniscus  lens  was  fabricated  in  accordance  with 
the  design  shown  in  figure  V-9.  Experiments  with  this  lens  included  the 
measurement  of  virtual  source  diameter,  angular  output  and  luminous 
Intensity  with  this  lens.  Projection  using  the  virtual  source  formed  by 
this  lens  proved  satisfactory  despite  the  slight  increase  in  aberrations. 
One  minor  difficulty  was  encountered.  The  intensity  of  light  declines 
from  a  maximum  at  the  optical  axis  to  a  minimum  at  the  fringe  of  the 
cone  of  output  approximately  proportionally  with  the  cosine  of  the  angle. 
Experiments  with  the  aplanatic  negative  meniscus  lens  indicated  that 
intensity  with  this  lens  was  quite  constant  over  the  entire  cone  of  light 
output. 
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V~4  Design  Considerations 


V-4, 1  The  material  for  these  experimental  lenses  is  a  rare  earth 
element  glass  manufactured  by  the  Eastman  Kodak  Company 
(EK-448).  In  the  investigation  of  existing  high  refractive  index  glasses 
the  following  characteristics  wore  considered;  clarity,  absence  of  color 
tints  and  capability  to  withstand  high  temperatures  and  severe  temperature 
gradients.  In  addition,  the  lens  material  should  not  favor  chromatic 
aberrations.  EK-448  was  chosen  primarily  lor  its  high  refractive  index 
(1, 8804)  and  clarity.  It  has  the  disadvantage  of  being  a  "heat  free"  glass 
(not  capable  of  withstanding  high  temperatures).  Slight  chromatic 
aberrations  are  inherent  within  the  material;  however,  the  effect  is 
negligible  due  to  the  small  separation  between  the  two  extreme  visible 
wavelengths  which  are  the  0. 00004  cm.  wave  and  the  ,  00007  cm.  wave. 

The  separation  invoived  is  approximately  .002"  which  is  smaller  than 
the  anticipated  source  diameter.  Tests  have  not  re  ealed  deleterious 
aberration  effect  to  the  naked  eye.  Rare  earth  eleu  nt  materials  are 
normally  non-absorbent  to  the  visual  rays  from  400  microns  to  200  microns 
with  visual  ray  absorption  not  exceeding  2%  per  cm.  of  thickness. 


V-4. 2  High  refractive  index  is  a  necessary  requirement  because  the 
higher  the  refractive  index,  the  smaller  the  R,/n2  value,  that 
is,  the  distance  that  the  center  of  the  output  cone  is  displaced  from  the 
back  plane  of  the  meniscus  lens.  The  smaller  this  Ri/ng  value,  the 
greater  the  angle  of  light  output. 


V-4,  8  The  axial  alignment  of  any  lens  system  Is  ''cry  Important.  It 
assures  more  uniform  flux  distribution  and  a  greater  reduction 
of  the  source.  Care  must  be  taken  to  avoid  a  temperature  gradient  in  the 
chosen  glass  mater  al  (EK-448).  Cooling  the  glass  and  lamp  combination 
is  harmful  to  the  latter  since  the  cooling  effect  lowers  the  light  output  as 
well  as  increases  the  source  diameter  of  the  HBO-109. 


V-4.  4  Experimentally  many  by-produels  of  the  initial  negative  meniscus 
lens  have  been  evaluated.  A  single  meniscus  lens  wan  designed 
(.•see  figure  V-9)  and  experiments  conducted.  One  of  the  experiments  was 
to  place  the  negative  monidcus  lens  at  the  pre -determined  distance  and 
evaluate  the  effectiveness  of  the  equations.  Other  tests  on  this  lens  evaluated 
light,  efficiency,  effect  of  aberration,  effect  of  extreme  heat,  and  the 
resolving  power  of  the  final  point,  source. 
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V-4.  b  Point  Source  Assembly 

V -4 , 0  To  simulate  touchdown  conditions  on  a  specific  helicopter  a 

complete  point  source  assembly  war.  designed  and  fabricated. 

The  following  arc  the  specifications  for  till s ;  design: 

a)  a  point  non  ret;  do  vice  to  simulate  touchdown  condition!’, 
where  the  distance  between  the  pilot's  oyo  and  the 
oarth  is  12'. 

b)  the  final  Lens  element  touching  the  transparency  to  bo 
at  room  temperature. 

c)  capable  of  projecting  over  .180°, 

d)  the  final  point  source  to  bo  approxltna.oly  ,004"  in  dia. 

e)  light  output  to  be  in  the  vicinity  of  UO  candles. 

f)  capable  of  simulating  ambient  light  characteristics. 


V-4, 7  To  simulate  touchdown  at  a  distance  of  12'  with  an  assumed 
transparency  scale  ratio  of  2,000  :  1,  point  source  to  outer 
glass  envelope  distance  must  bo  .072";  consequently  a  very  small 
negative  meniscus  Ions  had  to  bo  utilized  us  the  final  lens  element.  To 
achieve  Lho  specified  angular  coverage  It  was  necessary  to  use  a  non- 
aplanal.it:  meniscus  lens.  It  was  further  necessary  to  cut  the  bottom 
section  of  tho  lens  to  assure  the  .072"  required  for  touchdown  simulation. 
This  cutting  away  of  the  lens  does  not  affect  the  projection  since  rays 
emitting  from  that  section  are  blocked  from  the  screen  by  the  helicopter 
ouckpll.  The?  entire  point  source  assembly  was  angled  2b°  from  the 
horizontal  in  order  to  utilize  the  central  portion  of  tho  rogative  meniscus 
lens  lo  project  on  a  specific  part  of  the  screen  most  viewed  by  the  pilot. 


V-4.  8  Figure  V-10  shows  the  point  source  assembly  designed  to 
satisfy  the  above  specifications.  Tho  device  consists  of  the 
1 1  BO- 1 09  mercury  vapor  lamp  positioned  horizontally  in  order  to  minimize 
the  height  of  the  device.  The  spherical  condenser  shown  in  tho  diagram  is 
fabricated  out  of  quartz  in  order  to  withstand  the  high  temperatures 
encountered  in  tho  system.  No  heal  filler  is  used  between  tho  Osrum 
and  the  condenser  shim*  all  available  heal  filter  materials  break  as: 
soon  us  the  Osrum  lamp  reaches  operating  temperature.  The  purpose 
of  this  condenser  is  to  Intercept  par!  of  Ihe  light  flux  radiating  from  Hie 
Osrum  lamp  and  collimule  lliese  rays  for  inserliou  inU>  the  microscope 
objective.  The  light,  flux  is  coU'mian  d  prior  to  <  -nlering  Hie  objeel  i  v 


t 


-■  ,i  ,n_ 
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because  it  has  been  found  desirable  to  Insert  filters  within  this  collimated  ^ 

path  rather  than  in  any  othor  section  of  the  device. 


V-4. 9  The  purpose  of  the  heat  filter  is  to  protect  ambient  light  filters 
and  the  microscope  objective  since  heat  can  only  damage  those 
items  rather  than  the  condenser.  The  objective  used  in  tins  design  is- 
capable  of  withstanding  approximately  125°F,  Higher  temperatures  tend 
to  soften  and  distort  the  bonding  material  used  between  lenses.  The  sole 
purpose  of  the  microscope  objective  is  to  reconverge  the  collimated  beam 
input;  this,  of  course,  is  a  necessary  condition  for  the  meniscus  lens. 

All  lenses  and  filters  with  the  exception  of  the  condenser  have  been  coated 
to  minimize  the  light  losses  due  to  the  optical  elements,  since  12  air  to 
glass  surfaces  exist  at  which  light  losses  can  take  place. 


V-4. 10  This  experimental  point  source  assembly  was  vested  for  dur¬ 
ability,  light  efficiency,  resolution  and  angular  output.  It 
has  been  found  satisfactory  on  all  accounts.  The  resolution  of  this  unit 
has  been  measured  at  approximately  6  lines  per  mm.  It  produces  a 
point  source  approximately  .0045"  in  diameter  with  a  light  output  of 
about  30  candles. 
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APPENDIX  VI 

TABULATION  OF  PLASTIC  MATERIALS 


Name 

Manufacturer 

Lumirth 

L.  820 
flexible 

CeLanese 

Kodapak  I 

F  -  122 
flexible 

Eastman  Kodak 

Kodapak  11 

F  -  290 
flexible 

Eastman  Kodak 

Kodak  IV 

401 

flexible 

Eastman  Kodak 

Plexiglas  H 

UVA 

MIL  -  P  - 

5425B 

rigid 

Rohme  &  Haas 

Enduron 

CR  -  39 
rigid 

Pioneer 
Scientific  Corp 

Mylar 

300 

500 

750 

flexible 

Du  Pont 

Plastecele 

Du  Pont 

semi-flexible 


Chemical  Family 

Size  -  Max. 

Cellulose  Acetate 

41.6"  x  3.75 

20"  x  50" 

25"  x  40" 

Cellulose  Acetate 

40"  wide 

20"  x  50" 

25"  x  40" 

Cellulose  Acetate 
Butyrate 

40"  wide 

20"  x  50" 

25"  x  40" 

Cellulose  Triacetate 

40"  wide 

20"  x  50" 

25"  x  40" 

Acrylic 

100"  x  120" 

Allyl  Base 

48"  x  48" 

Co-pollymer  . 

Polyethylene 

52"  wide 

Terephthalate 

Cellulose  Acetate  20"  x  50" 
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TABULATION  OF 

PI  iA  STIC  MATE  RIALS 

(Coni' d) 

\ 

Name 

Thickness 

Min,  Max. 

Packaging 

Roll«  Shouts 

Method  of 

Producing 

* 

Lumirth 

L.  828 
flexible 

,003"  .020" 

X 

X 

Cast 

Kodapak  I 

F  -  122 
flexible 

.  005"  .  020" 

X 

X 

Cast 

Kodapak  II 

F  -  290 
flexible 

03 

O 

O 

o 

o 

X 

X 

Cast 

Kodapak  IV 

401. 

flexible 

.003"  .015" 

r 

X 

Cast 

Plexiglas  II 
UVA 

MIL  -  P  - 

54f 

rigid 

.060"  1.0" 

X 

Cast 

9 

Enduron 

CR  -  39 
rigid 

.031"  1.0" 

X 

Cast 

Mylar 

300 

500 

750 

flexible 

.003"  .0075" 

X 

X 

Plasloeole 

. 020"  1 . 0" 

X 

Compression 

_ _  i  -u _ 

semi -flexible'  molding 

9 


i 


i 


NAVTRADKVCEN  Hi:-'-.  -  1 


TABU  IiATION  OF  PLASTIC  MATE  ivLA  LB  (Conl'd) 


W’ 

if' 


'tj. 


$ 


Name 

Refractive  Index  (Nd) 

%  Transmission 
of  White  Light 
(catalogue) 

Average;  Modulus 
of  Elasticity  x  10° 

Lumtrth 

L.  828 
flexible 

1.490 

86-93 

50%  RH  -  2.  7 

Kodapak  I 

F  -  122 
flexible1 

1.29 

90 

3  -  4  T 

Kodapak  II 

F  -  200 
flexible 

1. 39 

02 

2  -  2. £  T 

Kodak  rv 

401 

flexible 

1.29 

90 

3. 5  -  4. 5  T 

Plexiglas  II 
UVA 

MIL  -  P  - 
542  bB 
rigid 

1.49 

02 

4.25 

Enduron 

CR  -  39 
rigid 

1.  503 

90-92 

2  -  3C 

Mylar 

300 

500 

750 

flexible 

1.64 

5  T 

Plastecolc  1.5 

somi-floxiblo 

87 

2 

NOTE:  Al!  plastic  materials  are  very  clear,  free  of 
dye  mark:;  ami  st  nations. 

W  Wide 
T  Tension 
( ’  (  \mh|  r-  ■  i»,j 1 1 

l\M  I  K.  I.il  -  ,  Hap  i .  1 1 !  v 
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PT -  A STIC  MATERIALS  TESTED  AND  FOUND  UNSATISFACTORY* 


Pliofilm 

Clopane 

Cellulose  nitrate 

Polyflex  I  &  n 

Methaflex 

Vinylite 

Krene 

Visqueen 


T1  j  materials  were  found  wanting  in  one  or  more  of  the  following 
proportion: 

a.  Optical  clarity 

b.  Tensile  strength 

c.  Shear  strength 

d.  Toarabiiity 

e.  Modulus  of  Elasticity 

f.  Creep  strength. 
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Government's  Rights  'n  Data 
in 

Technical  Report:  NAVTRADEV^EN  1828-1 


1 


0 


The  Contractor  agrees  to  and  does  hereby  grant  to  the  Govern¬ 
ment,  to  the  full  extent  of  the  Contractor's  right  to  do  so  with¬ 
out  payment  of  compensation  to  others,  the  right  to  reproduce, 
use,  and  disclose  for  governmental  purposes  (including  the 
right  to  give  to  foreign  governments  for  their  use  as  the  nation¬ 
al  Interest  of  the  United  States  may  demand)  all  or  any  part  of 
the  reports,  drawings,  blueprints,  data,  and  techni  cal  informa¬ 
tion  specified  to  be  delivered  by  the  Contractor  to  th«  Govern¬ 
ment  under  this  contract;  provided,  however,  that  nothing  con¬ 
tained  in  this  paragraph  shall  be  deemed,  directly  or  ly  impli¬ 
cation,  to  grant  any  license  under  any  patent  now  or  hereafter 
Issued  or  to  grant  any  right  to  reproduce  anything  else  called 
for  by  this  contract. 
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